The Synergic Effects of Flow and Sphingosine 1-Phosphate on Sprouting Angiogenesis Into Three-Dimensional Collagen Matrices by Kang, Ho Jin
  
 
THE SYNERGIC EFFECTS OF FLOW AND SPHINGOSINE 1-PHOSPHATE  
ON SPROUTING ANGIOGENESIS  
INTO THREE-DIMENSIONAL COLLAGEN MATRICES 
 
 
 
A Dissertation 
 
by 
 
HO JIN KANG 
 
 
 
 
Submitted to the Office of Graduate Studies of 
Texas A&M University  
in partial fulfillment of the requirements for the degree of 
 
DOCTOR OF PHILOSOPHY 
 
 
 
 
May 2011 
 
 
 
 
 
Major Subject:  Biomedical Engineering
  
 
THE SYNERGIC EFFECTS OF FLOW AND SPHINGOSINE 1-PHOSPHATE  
ON SPROUTING ANGIOGENESIS  
INTO THREE-DIMENSIONAL COLLAGEN MATRICES 
 
 
 
A Dissertation 
 
by 
 
HO JIN KANG 
 
 
Submitted to the Office of Graduate Studies of 
Texas A&M University  
in partial fulfillment of the requirements for the degree of 
 
DOCTOR OF PHILOSOPHY 
 
 
Approved by: 
 
Chair of Committee,          Roland R. Kaunas 
Committee Members,        Kayla J. Bayless 
     Alvin T. Yeh  
     Christopher M. Quick 
Head of Department,         Gerard L. Cote 
 
 
 
May 2011 
 
 
 
Major Subject:  Biomedical Engineering
  
iii 
ABSTRACT 
 
The Synergic Effects of Flow and Sphingosine 1-Phosphate on  
Sprouting Angiogenesis Into  
Three-Dimensional Collagen Matrices. (May 2011) 
 Ho Jin Kang, B.A., Korea University; 
M.S., Korea University 
Chair of Advisory Committee: Dr. Roland R. Kaunas  
 
The vascular endothelium continually senses and responds to both biochemical 
and mechanical stimuli to regulate vascular function in health and disease. The purpose 
of this dissertation was to understand the molecular mechanisms by which endothelial 
cells (ECs) respond to sphingosine 1-phosphate (S1P) and fluid wall shear stress (WSS) 
to initiate angiogenesis. To accomplish this, a novel cell culture system was developed to 
study the combined effects of S1P and WSS on inducing EC invasion into three-
dimensional (3-D) collagen matrices. EC invasion required the presence of S1P, with the 
effects of S1P being enhanced by WSS to an extent comparable with S1P combined with 
pro-angiogenic growth factor stimulation. The extent of EC invasion depended on the 
magnitude of WSS in a biphasic manner, with the greatest induction occurring at 
5.3 dyn/cm2 WSS. Several proteins have been implicated in EC invasion, including 
calpain, Akt, vimentin, p21-activated kinase (PAK), and membrane type 1-matrix 
metalloproteinase (MT1-MMP). Interestingly, activations of calpain and MT1-MMP and 
phosphorylations of Akt, PAK, and vimentin coincided with, and were required for, 
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S1P- and WSS- induced EC invasion. Further, inhibitors of calpain, MT1-MMP, Akt 
and PAK all attenuated invasion induced by WSS and S1P. Calpain inhibition reduced 
Akt phosphorylation, vimentin cleavage, and MT1-MMP membrane translocation, 
suggesting that calpain regulates MT1-MMP via Akt phosphorylation and vimentin 
remodeling. Akt inhibition also completely blocked MT1-MMP membrane translocation 
and decreased phosphorylation of PAK and vimentin. In summary, these results suggest 
a new molecular pathway by which the combination of S1P and WSS stimulates EC 
invasion through calpain, Akt, PAK and vimentin to regulate activation and membrane 
translocation of MT1-MMP in 3-D collagen matrices.  
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CHAPTER I 
 
 
INTRODUCTION 
 
 
 
The vascular endothelium continually senses and responds to biochemical and 
mechanical stimuli in the flowing blood to regulate vascular function in health and 
disease. Angiogenesis is the formation of new blood vessels from pre-existing vessels 
during numerous processes including development, wound healing and tumor 
vascularization. Sprouting angiogenesis is influenced by both biochemical and 
mechanical stimuli and occurs in several stages. Normally, endothelial cells (ECs) form 
a quiescent monolayer lining the inside of blood vessels. Under angiogenic stimulation, 
they are activated to detach from the monolayer and migrate into the underlying tissue 
through matrix proteolysis. The EC sprouts form individual sprouts containing a lumen 
[1-3]. Thus, the ECs are primarily responsible for initiating and directing angiogenesis. 
Biochemical growth factors (GF) such as vascular endothelial growth factor (VEGF) and 
basic fibroblast growth factor (bFGF) are well known stimulators of angiogenesis [2-5]. 
Sphingosine-1-phosphate (S1P), a signaling sphingolipid deposited by activated platelets 
during wound healing, has been recently recognized to be a major regulator of 
angiogenesis in vivo and  in vitro [4, 6-9].  
 
 
____________ 
This dissertation follows the format of American Journal of Physiology - Heart and 
Circulatory Physiology. 
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Sphingosine 1-phosphate (S1P) 
 
S1P is a signaling sphingolipid and bioactive lipid mediator. S1P directs a 
number of fundamental biological processes including EC migration [10-12] and 
junction formation [13-16] and is important in cancer, atherosclerosis, immunity, 
asthma, wound healing and angiogenesis [17] [18]. Sphingosine can be released from 
ceramides by the enzyme ceramidase in platelets and S1P is the product of 
phosphorylation of sphingosine catalyzed by sphingosine kinase. Intracellular S1P is 
increased by growth factors, cytokines and hormones [18]. The biological effects of S1P 
are mediated by its binding to five specific G protein-coupled receptors located on the 
cell surface [19]. Thus, understanding the mechanism of S1P is important.  
 
Effects of wall shear stress on endothelial cells 
 
ECs are constantly exposed to, and respond to, both fluid shear stress and cyclic 
mechanical stretch caused by hemodynamic forces. Specifically, WSS affects cellular 
functions such as proliferation, migration, apoptosis, permeability and gene expression 
through intracellular signals [20]. ECs also become aligned and elongated with 
cytoskeletal changes by the direction and magnitude of fluid shear stress [21, 22]. WSS 
is crucial for normal vascular remodeling during development [23] and stimulate the 
growth of microvessels in tumors [24]. Parallel-plate flow chambers are often used for 
applying controlled WSS to culture ECs via pressure-driven flow.  The fluid flow can be 
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modeled using Poiseiuelle’s Equation, which describes fully-developed laminar flow of 
a Newtonian fluid in a rectangular channel, 
26 /Q wh          (1) 
where   = wall shear stress,   = fluid viscosity (0.7 cP), Q = flow rate (from 14 to 32 
ml/min), w = the width of the flow chamber (29.21 mm), and h = distance between 
plates (from 0.254 to 2.54 mm). Here, h<<w which justifies the assumption of 2-D flow.  
 
Proteins related to EC signaling pathways 
 
Calpain 
Calpains, Ca2+-dependent cysteine endopeptidases, are composed of a unique 80 
kDa catalytic subunit (calpains 1, 2 and 3) associated with a common 28 kDa regulatory 
subunit (calpain 4) that is subdivided into four functional domains [25]. Calpastatin is a 
calpain specific endogenous inhibitor protein that tightly calpain activity [26] [27]. A 
key function of calpain is to degrade cellular proteins involved in pathways that 
influence cell apoptosis, migration and proliferation [28]. Dourdin et al. [29] 
demonstrated that calpain 4 knock-out mouse embryos die at around 10 days post-
conception and exhibit a defect in vascular development. Carragher and colleagues 
reported that inhibitors of calpain suppressed focal adhesion disruption, reduced 
substrate adhesion and slowed cell migration [30, 31]. Thus, calpain activity is expected 
to play a key role in the transition of ECs into an invasive phenotype.  
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Akt 
The serine/threonine kinase Akt (also known as protein kinase B) constitutes an 
important molecular link in signaling cascades involving cell survival, growth, 
migration, proliferation, polarity, and metabolism [32]. There are three known isoforms 
of Akt and each possess a Pleckstrin Homology (PH) domain that binds to 
phosphoinositides with high affinity; Akt binds either PIP3 (phosphatidylinositol (3,4,5)-
trisphosphate) or PIP2 (phosphatidylinositol (3,4)-bisphosphate) phosphorylated by only 
PI3-kinases. The PI3-kinases activated by either a G protein coupled receptor or receptor 
tyrosine kinase phosphorylate PIP2 to form PIP3 at the membrane. As a result, Akt can 
be phosphorylated by its activating kinases, phosphoinositide dependent kinase 1 (PDK1 
at threonine 308) and mTORC2 (at serine 473). Akt may also be activated by cAMP-
elevating agents through protein kinase A.  
There is significant evidence that Akt is involved in angiogenesis. In an ex vivo 
aortic ring invasion assay, the average length of sprouts was significantly reduced in 
Akt1 knockout mice [33].Since Akt is an important protein in EC sprouting in vitro and 
angiogenesis in vivo [34], we will investigate the role of Akt in S1P- and WSS-induced 
EC invasion.  
 
PAK 
The p21 activated kinases (PAKs) are 65-kDa serine-threonine kinases that are 
activated by Akt, PDK1, and the small GTPases Rac and Cdc42 to regulate cellular 
proliferation, differentiation, survival, and migration [35-37]. PAKs regulate protein kinase 
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cascades such as ERK [38, 39] and c-Jun N-terminal kinase (JNK) [40, 41]. In addition, 
PAKs activation is mediated by direct interaction with Nck, non-catalytic tyrosine kinase 
adaptor protein located at the cell membrane [39, 42, 43]. Nck is comprised of three SH3 
domains and interacts with a proline-rich region in the N-terminus of PAK through the 
second SH3 domain [44, 45]. PAK2 is the predominant isoform in ECs [46, 47].Motivated 
by these results, we hypothesized that PAK2 may be involved downstream of Akt in S1P- 
and WSS-induced EC invasion. To study this, we used a PAK inhibitory synthetic peptide 
that selectively binds Nck and disrupts PAK membrane localization [36]. 
 
MT1-MMP 
Matrix metalloproteinases (MMPs) are zinc-dependent endopeptidases that 
cleave extracellular matrix proteins. Most MMP's are secreted as inactive propeptides 
which are activated when they themselves are cleaved by extracellular proteinases. 
Membrane type 1-matrix metalloproteinase (MT1-MMP), however, is maintained on 
the cell membrane and its activity has been shown to play an essential role in sprouting 
events. One mechanism of MT1-MMP functions is through activated MMP-2 [48-51]. 
MT1-MMP consists of an N-terminal zinc-dependent metalloproteinase domain, a 
transmembrane domain and a cytoplasmic tail that can be phosphorylated. Langlois and 
Beliveau [52] demonstrated that phosphorylation of tyrosine 573 on the cytoplasmic tail 
of MT1-MMP in response to S1P stimulation directly correlates with proteolytic 
activity and membrane localization. However, the effects of WSS on MT1-MMP 
activity have not been reported. Thus, we investigated here whether WSS synergized 
with S1P to activate and translocate MT1-MMP to the membrane during sprouting 
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angiogenesis in 3-D matrices. Further, we identified the molecules that control MT1-
MMP membrane translocation and activation during S1P- and WSS-induced EC 
invasion in 3-D collagen matrices.  
 
Vimentin 
Vimentin is the most abundant intermediate filament (IF) protein isoform in ECs. 
Vimentin spreads from the nucleus to the plasma membrane and attaches to the nucleus, 
endoplasmic reticulum, and mitochondria [53]. Vimentin is required for epithelial cell  
[54] and fibroblast migration [55]. Vimentin proteins consist of a central rod domain 
flanked by N-terminal head and C-terminal tail domains. The N-terminal head and C-
terminal tail domains of adjacent vimentin proteins bind each other to result in filament 
assembly. This interaction is disrupted when a phosphate group is added to the head 
region, resulting in filament disassembly [56, 57]. PAK and Akt may be the kinase 
responsible for phosphorylating vimentin [58-60]. All domains of vimentin also have the 
cleavage site for calpains and are degraded by calpains [61] [62]. As a result, vimentin 
filaments can be partially disassembled and rearranged in cells [63]. Perlson [64] and 
Goldman [65, 66] reported that vimentin fragments cleaved by calpains binds and 
transports phosphorylated ERK along the axon of neural cells via dynein motor proteins. 
Based on these results, we hypothesized that vimentin fragments produced by either 
cleavage by calpains or phosphorylation by Akt-regulated PAK can bind with MT1-
MMP and then translocate to the membrane to facilitate matrix proteolysis.  
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CHAPTER II 
 
 
FLUID SHEAR STRESS MODULATES ENDOTHELIAL CELL INVASION 
 
               INTO THREE-DIMENSIONAL COLLAGEN MATRICES + 
 
Overview 
 
Endothelial cells are chronically subjected to biochemical and mechanical 
stimuli, which regulates their angiogenic potential. We developed a novel system to 
study the synergistic effects of S1P and WSS on the initiation of angiogenic sprouting 
into 3-D collagen matrices. Polymerized collagen gels were incorporated into a parallel-
plate flow chamber to apply controlled WSS to the surface of endothelial monolayers 
over a period of 18h. We show that EC invasion required the presence of S1P, with the 
effects of S1P being enhanced by shear stress to an extent comparable with S1P 
combined with angiogenic growth factor stimulation. The number of invading cells 
depended on the magnitude of WSS in a biphasic manner, with highest induction at 5.3 
dyn/cm2 WSS. The invasion distance was proportional to the magnitude of shear stress, 
however. These responses were observed in several EC cell types. Thus, these results 
provide strong evidence that shear stress is a positive modulator of S1P-induced EC 
invasion into 3-D collagen matrices. 
 
____________ 
+Reprinted with permission from Fluid Shear Stress Modulates Endothelial Cell Invasion 
Into Three-dimensional Collagen Matrices by Hojin Kang, Kayla J. Bayless, and Roland 
R. Kaunas, 2008 American Journal of Physiology Heart and Circulatory Physiology, 
295: H2087-2097, Copyright 2008 by the American Physiological Society.  
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Introduction 
 
Angiogenesis, the development of new blood vessels from pre-existing vessels, is 
a critical step in physiological and pathological events such as wound healing and tumor 
vascularization [1].  Sprouting angiogenesis in vivo involves EC degradation of the 
basement membrane, cell proliferation and migration toward angiogenic stimuli. These 
events are coordinated with eventual formation of a lumen within the endothelial sprout 
and the joining of sprouts to form a capillary bed [67, 68]. Importantly, both biochemical 
and mechanical forces influence these newly-developing structures.  
Several biochemical factors are recognized to enhance angiogenesis with VEGF 
and bFGF being among the best characterized. In vitro, they induce proliferation, and 
invasion into 3-D collagen matrices, as well as the formation of tubular structures [69, 
70]. More recently, S1P has been identified as a potent pro-angiogenic factor [8]. S1P 
can act as an intracellular signaling molecule and is also deposited by activated platelets 
during wound healing [5, 71]. Exogenous S1P administration or endogenous S1P 
production by sphingosine kinase over-expression promotes post-ischemic angiogenesis 
and blood flow recovery in mouse ischemic hind limb models [72]. Bayless and Davis 
previously reported that S1P-induced EC invasion and lumen formation required integrin 
cell surface receptors and membrane-associated metalloproteinase activity [4].  
While the roles of biochemical factors have studied extensively, the role of 
hemodynamic forces in angiogenesis are not well understood. ECs are constantly 
subjected to a tangential WSS caused by blood flow. Nearly a century ago it was 
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observed that capillary growth from sprouting vessels was enhanced by increasing blood 
flow rate in the tails of frog larvae, while it regressed when flow ceased [73]. Ichioka et 
al. [74] also observed that elevated WSS caused by the vasodilator prazosin increased 
microvascular growth. Nasu et al. [75] demonstrated that tumor angiogenesis depended 
more on flow than on vascular growth factors. Dickinson and colleagues [23] 
demonstrated that shear forces are crucial for vascular remodeling during development.  
Although simple two-dimensional (2-D) models have been used extensively to 
recognize cellular behaviors involved in sprouting angiogenesis, including migration and 
EC network formation [76-78], additional steps to sprouting including matrix proteolysis 
and lumen formation can only be observed when ECs invade into 3-D matrices. 
Consequently, a number of groups have begun to employ 3-D models [48, 50, 79-81]. 
The 3-D model of cell invasion used in the present studies provides an environment that 
is much more representative of the environment sprouting ECs find in vivo. Importantly, 
we also incorporate the effects of fluid flow on EC invasion, which turns out to have 
profound effects on EC invasion. Using this system, we evaluated the ability of S1P, 
growth factors, and WSS to promote invasion using human umbilical vein endothelial 
cells (HUVEC) into 3-D collagen matrices. We also compared invasion responses 
between HUVEC and human dermal and retinal microvascular ECs. Lastly, we 
determined whether S1P-induced EC invasion was dependent on the magnitude of shear 
stress or shear rate.  
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Materials and methods 
 
Cell Culture 
Unless otherwise indicated, all reagents were obtained from Sigma (St. Louis, 
MO). Human umbilical vein endothelial cells (HUVECs) were purchased from Lonza 
BioProducts (San Diego, CA) and were used in all experiments at passage 4-6. ECs were 
cultured in growth media supplemented with 500 ml Medium 199 (Invitrogen, Carlsbad, 
CA), 20% fetal bovine serum (FBS, Lonza BioProducts), 0.1 mg/ml heparin, 50 mg/ml 
gentamicin (Invitrogen), antibiotic-antimycotic (Invitrogen) and 0.4 mg/ml lyophilized 
bovine hypothalamic extract (Pel-freeze Biologicals, Rogers, AR) purified as previously 
described [82] at 37°C in a humidified 5% CO2 incubator. Cells were passaged to allow 
formation of a confluent monolayer once weekly on flasks coated with 1 mg/ml sterile 
porcine gelatin in HEPES and fed 24 h prior to beginning experiments. 
 
Collagen Matrix Invasion Assay 
Rat tail collagen type I was purified as described [83] and used to prepare 
collagen matrices at 3.75 mg/ml as previously described [4]. D-Erythro-sphingosine-
1-phosphate (S1P; Avanti Polar Lipids, Alabaster, AL) was added to the collagen 
matrices (unless otherwise noted) to a final concentration of 1 µM and thoroughly 
mixed. 7 mm circular wells (45 µl/ 0.38 cm2) were formed by attaching a silicone rubber 
gasket (Specialty Manufacturing, Inc., Saginaw, MI), of 1 mm thickness and perforated 
with eight holes, on 50 x 75 mm glass microscope slide (Fig. 1). The collagen matrices 
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were added to the wells and allowed to polymerize for 1 h at 37°C in a humidified 5% 
CO2 incubator (Thermoscientific). ECs were fed 24h before seeding cells onto collagen 
matrices. The cells were rinsed with 14 ml HEPES and removed with 2 ml of 0.25% 
trypsin-EDTA (Invitrogen) at 37°C for 1 min. The trypsin was neutralized with 2 ml 
FBS. Cells were counted with a hemocytometer, washed once in 10 ml serum-free 
M199, and plated as a confluent monolayer at a density of 60000 cells/ 0.38cm2 in M199 
containing 5% FBS and 50 µg/ml ascorbic acid. The cells were allowed to attach for 1h 
and then washed twice with serum-free M199 before applying the defined media and 
WSS as previous described in detail [84]. 
 
 
 
Figure 1. Apparatus to apply controlled varying levels of wall shear stress (WSS) to human 
umbilical vein endothelial cells (ECs) seeded on 3-D collagen matrices. A: multiple flow chambers (2 
shown) were connected in series into a pressure-driven flow circuit in which media pH was controlled 
with humidified 5% CO2-95% air (dashed lines). B: ECs were cultured on 8 (4 shown) circular collagen 
gels that were polymerized in the bottom plate of a parallel-plate flow chamber. Medium 199 media (dark 
grey shaded area) was perfused through the chamber to subject the cell monolayers to steady, uniform 
WSS.  
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Shear Stress Experiments 
The plates containing ECs seeded on collagen matrices were assembled into 
parallel-plate flow chambers designed to apply uniform steady WSS to the cell 
monolayer (cf. Fig. 1). The WSS magnitude was calculated as 26 /Q wh  , where  is 
wall shear stress,   is fluid viscosity (0.7 cP), Q is flow rate, w is the width of the flow 
channel (29.21 mm), and h is the height of flow channel (0.254mm ~ 2.54mm). The flow 
of the culture medium was provided by a sterile continuous-flow loop, with the flow rate 
controlled with a pulse-free gear pump (Ismatec) and monitored with an ultrasonic 
tubing flow sensor (Transonic Systems). The perfusion medium consisted of M199 
containing reduced serum II (RSII) and 50 µg/ml ascorbic acid. RSII consisted of 2 
mg/ml bovine serum albumin (BSA), 20 ng/ml human holo-transferrin, 20 ng/ml insulin, 
17.1 ng/ml sodium oleate, and 0.02 ng/ml sodium selenite. Media pH was maintained at 
7.4 by perfusing 5% CO2-95% air first through a sparger containing sterilized water and 
then through the head gas of the media reservoir. Bubbles were removed from the media 
using a bubble trap. The entire system was enclosed by an acrylic box in which 
temperature was maintained at 37°C using a heat gun with feedback temperature control 
(Omega Engineering, Stamford, CT). 
 
Imaging and Analysis 
Following each experiment, collagen matrices containing invading cells were 
washed briefly in HEPES buffer, fixed in 3% glutaraldehyde in PBS for 2 h, stained with 
0.1% toluidine blue in 30% methanol for 12 min, and washed with water to clearly 
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identify invading cells. Cross-sections were prepared using a razor blade and imaged 
using an Olympus CKX41 inverted microscope equipped with an Olympus Q-Color 3 
camera. From the digital images of the cross-sections, the invasion distance was 
measured for individual sprouts as the distance from the bottom of the cell monolayer 
and the point of deepest penetration into the matrix. The nucleus traveling distance was 
also measured for individual sprouts as the distance from the bottom of the cell 
monolayer and the center of the nucleus into the matrix (important for situations where 
nuclear penetration into the matrix was attenuated with inhibitors). In addition, the 
invasion diameter was measured for individual sprouts as the width between the left and 
the right side of the nucleus. To quantify invasion density, en face images were observed 
using bright-field illumination with a 10X objective on an Olympus BH-2 upright 
microscope. The microscope was focused on the invading cells, which were located 
immediately below the EC monolayer. Each data point represents a field in the center of 
a well, where the number of invading cells was counted manually using an eyepiece 
equipped with an ocular grid covering an area of 1 mm2. A single measurement was 
recorded for each well. 
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Proliferation Assay 
To subject ECs to WSS magnitudes of 5.3 and 12 dyn/cm2, in a single 
experiment, a flow system was run with six parallel-plate flow chambers arranged in 
series; WSS magnitude within an individual chamber depended on the channel gap 
height and individual chambers were removed after different time points (1, 12 and 24h). 
Ki-67 is a protein expressed in cell nuclei of dividing, but not resting, cells (69). 
Collagen matrices containing invading cells were fixed in 4% paraformaldehyde and 
immunostained with polyclonal rabbit anti-Ki-67 primary antibody and FITC-conjugated 
(goat anti-rabbit) secondary antibody. The collagen matrices were then mounted with 
DAPI mounting medium. To quantify proliferation density, en face images were 
observed at 20X focusing on the FITC signal in cell nuclei of cell in the monolayer. 
Each data point represents a field in the center of a well, where the number of 
proliferation cells was counted manually. The number of nuclei that stained positively 
and negatively for Ki-67 was quantified.  
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Modifying Media Viscosity 
High molecular weight, neutral dextran was added to the perfusion media 
(3g/100ml) to investigate the role of viscosity in S1P- and WSS-induced EC invasion.  
WSS (dyn/cm2) is defined as: 
       (2) 
where   = wall shear stress,   = fluid viscosity (centipoises [cp]) and  = shear rate 
(s-1). We can control shear stress and shear rate by varying   and . The viscosity of 
the culture media with and without dextran was measured using a glass capillary 
viscometer (Cannon Instruments). 
 
Statistical Analysis 
Data are presented as the mean and standard deviation for each group of samples. 
Statistical analysis was performed using SAS software (Cary, NC). Comparisons 
between two groups were performed using Studentized T-tests. Comparisons between 
three or more groups were performed by one-way ANOVA followed by Student-
Newman-Keuls post-hoc pairwise comparison testing.  A two-way ANOVA was used to 
compare the time courses under different test conditions for the MMP-2 zymogram data.  
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Results 
 
WSS Enhanced S1P-induced EC Invasion Into 3-D Collagen Matrices  
Dr. Bayless has previously shown that S1P synergizes with growth factors (10 
ng/ml each of VEGF and bFGF) to potently induce EC invasion and lumen formation 
into 3-D collagen matrices [4]. VEGF and WSS have been reported to increase the 
expression of the S1P receptor, S1P1, and augment S1P-stimulated EC migration in 2-D 
culture [85, 86]; thus we hypothesized that WSS would enhance S1P-induced EC 
invasion. To test this hypothesis, ECs cultured on collagen matrices containing or 
lacking S1P (1 μM) were treated with either growth factors (GFs), WSS (5.3 dyn/cm2), 
or no treatment for 18 h (Fig. 2). In this model, a confluent monolayer of primary human 
umbilical vein ECs was seeded on the surface of a polymerized 3-D collagen matrix. 
Over time, a subset of ECs moved from the surface and invaded into the matrix below. 
Photographs of fixed cultures illustrate the invasion process and these results were 
summarized in Fig. 2I. In these assays, 1µM S1P was mixed into the collagen matrices. 
No invasion was observed in control collagen matrices (Fig. 2A), and this was not 
changed by the application of either GFs (Fig. 2B), S1P (Fig. 2C), or WSS (Fig. 2D) 
alone. The simultaneous application of GFs and WSS induced a slight but insignificant 
amount of EC invasion (Fig. 2E). Simultaneous application of S1P and GFs (Fig. 2F) or 
S1P and WSS (Fig. 2G)  induced significant EC invasion. Finally, application of GFs, 
S1P, and WSS all together resulted in the highest level of EC invasion (Fig. 2H), 
although this was not significantly greater than the combined application of S1P and 
WSS. These results indicate that S1P synergized with GFs and WSS to promote EC 
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invasion and that no individual stimulus (i.e., S1P, GFs, or WSS) alone was capable of 
promoting a response. Of potential concern with the WSS studies are the release of S1P 
into the perfusate and the generation of other proangiogenic soluble factors by the ECs 
subjected to WSS. With the assumption that all the S1P is released from the  collagen 
matrices into the perfusate, the maximal concentration of S1P in the perfusate would be 
0.16 μM, which is higher than the dissociation constant (Kd) for S1P to its receptors (10 
to 30 nM) hence may activate the S1P receptors  [87]. WSS has also been shown to 
induce the expression of bFGF and VEGF [77, 88]. Applying freshly collected 
conditioned media from cultures under the combined S1P and WSS condition did not 
upregulate EC invasion after 24h in separate static cultures of ECs on S1P-incorporated 
gels, however (data not shown). These results indicate that the effects of WSS on EC 
invasion into 3-D collagen matrices were not due to the generation of proangiogenic 
soluble factors and that S1P incorporation within the matrix is required to promote 
directed invasion of ECs into collagen matrices. For all subsequent flow experiments, 
S1P was incorporated into collagen matrices and GFs were not added to the perfusion 
media.  
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Figure 2. S1P synergizes with WSS and GFs to induce EC invasion. Representative cross-sectional 
micrographs are shown for ECs left untreated (A) and treated with 10 ng/ml each VEGF + bFGF (GFs; B), 
S1P (1 μM; C), 5.3 dyn/cm2 WSS (D), GFs + WSS (E), S1P + GFs (F), S1P + WSS (G), and GFs + S1P 
+ WSS (H). The cell monolayer is located at the top of each figure. Invasion density (I) for each condition 
was quantified (means  SD; n = 4 fields) as described in MATERIALS AND METHODS from samples 
observed en face. Conditions that were not significantly different (P<0.05) as tested by ANOVA and 
multiple comparison testing are grouped in brackets. Scale bar, 100 μm. 
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WSS Enhanced EC Invasion in a Time- and Magnitude Dependent Manner 
The effects of WSS magnitude on EC invasion were next characterized by 
quantifying both depth and density of EC invasion. Both invasion depth and density 
increased with time in ECs subjected to 5.3 dyn/cm2 WSS into 3-D collagen matrices 
containing S1P (Fig. 3). To compare the effects of WSS magnitude in the same 
experiment, multiple chambers were connected in series and subjected to WSS for 24h. 
Since flow rate was the same in each chamber, the WSS within individual chambers was 
modified by varying chamber gap height to subject the ECs to WSS ranging from 0.12 to 
12 dyn/cm2. The invasion depth increased monotonically with increasing WSS (Fig. 4, 
A”–C” and D), with cells invading approximately twice the distance at 12 dyn/cm2 than 
at 0.12 dyn/cm2. The density of EC invasion showed a biphasic response, however, with 
EC invasion density initially increasing with WSS up to a maximum value of 64 ±23 
cells/mm2 at 5.3 dyn/cm2 but then decreasing to 15 ±5 cells/mm2 at 12 dyn/cm2 (Fig. 4, 
A’–C’ and E). To test whether WSS influenced invasion through direct effects on 
collagen matrices, we applied 0, 0.12, 5.3, and 12 dyn/cm2 WSS to collagen matrices 
containing S1P for 48 h and then seeded ECs on the presheared matrices in media 
containing VEGF and bFGF to quantify invasion. The invasion density was unchanged 
by preconditioning the matrices with WSS regardless of the WSS magnitude (Fig. 4F), 
indicating that the matrices were not altered by perfusion in a manner that affected cell 
invasiveness. Low invasion responses observed with 12 dyn/cm2 WSS could potentially 
be explained by alterations in cell proliferation or cell viability. Low WSS has been 
associated with increasing EC turnover through elevated rates of proliferation and 
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apoptosis [89], and high WSS can reduce EC proliferation in a dose-dependent manner 
[90]. We examined the expression of Ki-67 [a protein expressed in cell nuclei of 
dividing, but not resting, cells [91]] in ECs subjected to different magnitudes of WSS for 
24 h. An average of 23.1 ± 6.0% of ECs subjected to 0.12 dyn/cm2 WSS stained 
positively for Ki-67 compared with 13.0 ± 6.8% (at 5.3 dyn/cm2) and 14.9 ± 1.2% (at 12 
dyn/cm2). These data are consistent with reports that relatively high WSS (>1.5 dyn/cm2) 
suppresses DNA synthesis [92, 93]; however, there was no significant difference in the 
levels of Ki-67 staining between samples subjected to 5.3 and 12 dyn/cm2 WSS. Based 
on these data, proliferation rates cannot explain reduced invasion observed with 12 
dyn/cm2 WSS compared with 5.3 dyn/cm2 WSS. An alternate possibility is that 
apoptosis rates are altered between treatment groups. However, we did not detect any 
significant levels of cleaved caspase-3 (a marker of apoptosis) in response to any of the 
WSS treatments (data not shown). These results indicate that the effects of WSS 
magnitude on EC invasion do not occur through changes in the rates of cell proliferation 
or apoptosis but rather occur through biochemical changes as a result of different WSS 
magnitudes, which we investigate below. 
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Figure 3. WSS-induced EC invasion progresses steadily over time. ECs were subjected to 5.3 dyn/cm2 
WSS for the times indicated in the presence of S1P. Cultures were fixed and stained with toloudine blue 
for morphometric analysis. The invasion distance (A; n=50 sprouts) and density (B; n=100 cells from 15 
fields) are plotted as a function of time (means ±s.d). * Significantly difference from 0 h ( P<0.05).  
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Figure 4. Invasion density and distance are dependent on the magnitude of WSS. A-E: ECs were 
subjected to steady WSS ranging from 0.12 to 12 dyn/cm2 for 24 h in the presence of S1P, fixed, and 
stained with toloudine blue for morphometric analysis. Representative cross-sectional micrographs are 
shown of en face preparations focusing on the EC monolayer (A–C) and immediately below the 
monolayer (A’–C’) and of cross sections (A’’–C’’) for ECs subjected to WSS magnitudes of 0.12 (A-A’’), 
5.3 (B-B’’), and 12 (C-C’’) dyn/cm2. The invasion distance (D; n =150 sprouts) and density (E; n =20 
fields) of invading ECs are plotted as a function of WSS magnitude (means ±SD). F: collagen matrices 
containing S1P were subjected to different WSS magnitudes for 48 h before seeding and measuring the 
extent of cell invasion after 17 h under static conditions with 10 ng/ml VEGF and bFGF in the media. 
*Significant difference from value at 0.12 dyn/cm2 WSS (P<0.05). Scale bar, 100 μm. 
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WSS Enhanced EC Invasion in Other EC Types 
We next measured the effects of WSS magnitude in S1P-induced EC invasion of 
other EC types in 3-D collagen matrices. Human dermal microvascular endothelial cells 
(HDMVEC) and human retinal microvascular endothelial cells (HRMVEC) were each 
cultured on collagen matrices and subjected to WSS ranging among 0.12, 5.3, and 12 
dyn/cm2. After 24h, they were fixed in 3% glutaraldehyde, and stained with toluidine 
blue to observe EC invasion. Similar responses were also observed in HDMVEC and 
HRMVEC (Fig. 5). These results indicate that the biphasic dependence of invasion on 
WSS magnitude  is not only limited to only HUVECs (cf. Fig. 4E). 
 
 
 
Figure 5. Quantification of invasion responses observes as a result of treatment with different 
magnitude of WSS in two different ECs. Steady WSS of at 0.12, 5.3 and 12 dyn/cm2 WSS was applied 
to either Human Dermal Microvascular Endothelial Cells (HDMVEC:A) or Human Retinal Microvascular 
Endothelial Cells (HRMVEC:B) monolayers seeded on 3-D collagen matrices containing 1 μM S1P for 
22h. Cultures were fixed, stained with toluidine blue for morphometric analysis and analyzed for invasion 
density. Density (A and B:n=8 fields) of invading ECs are plotted as a function of WSS magnitude (means 
±SD). * indicates the condition is significantly different from value at 12 dyn/cm2 WSS (ANOVA 
followed by Student-Newman-Keuls post-hoc test; P<0.01).  
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WSS Enhanced EC Invasion Is Dependent on Shear Rate 
The magnitude of WSS is proportional to the viscosity and shear rate of the 
flowing fluid. To determine whether S1P-induced EC invasion depends on the 
magnitude of shear stress or shear rate, we used perfusion media including 3% dextran to 
increase viscosity (Figs. 6, 7, and 8). ECs on collagen matrices containing S1P were 
exposed to perfusion media in the presence and absence of 3% dextran with the same 
shear rate. Holding viscosity constant (i.e., in the absence of dextran), an increase in 
shear rate (from 760 to 1710 s-1) resulted in a decrease in S1P- and WSS-induced EC 
invasion. Holding shear rate constant, increasing shear stress by increasing the viscosity 
resulted in 1) absence of cell alignments in the flow direction (Fig. 6C vs 6B); and 2) 
increased invasion density (Fig. 7). Invasion depth did not vary significantly with a 
change in a condition, however lumen diameter decreased with increasing shear stress, 
but not increasing shear rate (Fig. 8). Thus, the response to changes in flow demonstrates 
a complicated dependence on both shear rate and shear stress.  
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Figure 6. EC monolayer was not aligned in the direction of flow in the presence of perfusion media 
containing 3% dextran. A-C’: ECs were subjected to steady 5.3 and 12 dyn/cm2 WSS for 24 h in the 
presence of perfusion media containing and lacking 3% dextran, fixed, and stained with toloudine blue for 
morphometric analysis. Representative cross-sectional micrographs are shown of en face preparations 
focusing on the EC monolayer with 10X (A–C) and 20X (A’–C’) for ECs subjected to WSS magnitudes of 
5.3 (A, A’), and 12 dyn/cm2 (B,B’,C, C’). Scale bar, 100 μm. 
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Figure 7. Invasion density is dependent on the shear rate. A: ECs were subjected to steady 5.3 and 12 
dyn/cm2 WSS in the presence of S1P, fixed, and stained with toloudine blue for morphometric analysis. 
Representative cross-sectional micrographs are shown of en face preparations focusing on the cross 
sections (A). Invasion density (B; n =12 fields) of invading ECs are plotted as a function of WSS 
magnitude (means ±SD). *Significant difference from value at 0.12 dyn/cm2 WSS (P<0.05). Scale bar, 
100 μm. 
 
 
 
 
 
Figure 8. Invasion thickness is dependent on the magnitude of WSS.  The invasion distance (D; n =116 
sprouts) and width (E; n =80 fields) of invading ECs are plotted as a function of WSS magnitude (means 
±SD). *Significant difference from value at 0.12 dyn/cm2 WSS (P<0.05).  
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Discussion 
 
Normally, ECs are maintained in a quiescent monolayer. However, under certain 
circumstances, ECs can be stimulated to escape from the monolayer and invade the 
underlying extracellular matrix to produce new vessels. In wound healing, for example, 
platelets from damaged blood vessels accumulate into the wound [94] where they can 
create a provisional matrix and release their abundant stores of proangiogenic factors 
including S1P, VEGF, and bFGF [95-97]. The high concentration of these factors in the 
wound stimulates EC invasion from nearby preexisting vessels and provides a 
directional cue for their migration toward the provisional matrix. We speculate that the 
WSS experienced by ECs in these neighboring vessels will modulate the extent of 
invasion and subsequent formation of new vessels. Specifically, our results support the 
notion that increasing WSS will enhance the rate of sprout growth; however, the 
invasion density will be diminished if the magnitude of WSS is too high. Thus, WSS 
may provide a negative feedback on the recruitment of new sprouts under conditions of 
high tissue perfusion (i.e., high WSS). In contrast, when tissue perfusion is inadequate 
(i.e., low to intermediate WSS), the enhanced recruitment of new vessels provides a 
mechanism to improve blood perfusion to wounded tissue. 
In our experimental model, invasion requires the presence of S1P in the collagen 
matrix. We confirmed our previous result that bFGF and VEGF synergize with S1P to 
stimulate EC invasion into collagen matrices [4]. Importantly, we demonstrated that 
WSS is also a proangiogenic stimulus that can enhance the effects of S1P on EC 
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invasion. This is supported by the observation that WSS alone did not induce invasion, 
but WSS did enhance invasion in the presence of S1P to an extent comparable with 
angiogenic growth factor stimulation. Synergism between S1P, VEGF, and WSS has 
been observed in EC migration and proliferation in 2-D cultures. Specifically, Hughes et 
al. [85] showed that WSS and VEGF independently enhanced S1P-induced EC 
migration into a wound, and these effects were not further increased by combining WSS 
and VEGF. In their study, Hughes et al. [85] found that WSS or VEGF alone induced a 
greater degree of wound healing than S1P alone. In the present study, EC invasion was 
not observed when either VEGF/bFGF or WSS alone was applied. In our model, ECs 
require a directional cue for invasion into the matrix, which is provided by S1P 
incorporation in the collagen matrix. The VEGF and bFGF were added to the media and 
hence did not provide a concentration gradient directing cell migration into the matrix. 
Immobilization of VEGF and bFGF to collagen matrices via covalent binding has been 
shown to promote cell invasion [98]. It remains to be determined whether WSS enhances 
invasion of ECs into matrices containing immobilized growth factors in the absence of 
S1P. Our results show similarities to, as well as important differences from, previous 
studies that explored the role of WSS on angiogenesis responses in vitro. Cullen and 
colleagues [78] reported that subjecting bovine aortic ECs to WSS caused Transwell 
migration and tubule formation to increase monotonically with increasing WSS ranging 
from 0 to 20 dyn/cm2. In these studies, Cullen et al. [78] applied WSS to bovine aortic 
ECs before placing them onto Transwell chambers to assay migration or onto 2-D 
Matrigels to measure tubule formation. In our experiment, where WSS was applied 
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during the 3-D invasion assay, invasion distance increased monotonically with 
increasing WSS; however, EC invasion density shows a bimodal dependence on WSS 
magnitude. It is possible that the inhibitory effect of high WSS observed in our study 
only occurs during the application of WSS and hence would not occur when ECs are 
presheared and then angiogenic assays are later performed under static conditions. 
Furthermore, the assays used to characterize angiogenic responses in their study are 
significantly different from those used in the present study. For example, migration 
through a Transwell filter would not require MMP activity, whereas migration through a 
collagen matrix does. Gloe and colleagues [77] presheared porcine aortic ECs with 16 
dyn/cm2 WSS for 6 h and demonstrated the formation of capillary-like structures after 24 
h of static culture, which they attributed to shear-induced bFGF expression and secretion 
into the culture media. We were unable to stimulate invasion of ECs in a static system 
using conditioned media from WSS-treated invasion cultures, indicating the 
enhancement of invasion caused by WSS was not due to the generation of soluble 
proangiogenic factors. It is worth noting that these two studies [77, 78, 81]were 
performed using media containing 10–20% FBS or FCS. Given that FBS and FCS 
contain 141–180 nM S1P, and that the Kd for S1P to its receptors is ~20 nM [87], the 
possibility exists that S1P receptor activation may have contributed to the angiogenic 
events observed in these studies. The 3-D model utilized in these studies provides a 
realistic environment to study angiogenic sprouting events and observe the complex 
interactions between invading cells and their surrounding matrix protein network. 
Importantly, these studies are carried out in collagen type I, the most abundant 
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extracellular matrix protein encountered by ECs during sprout formation. Ueda et al. 
[81] developed the first perfusion chamber containing a 3-D collagen matrix, allowing 
simultaneous application of WSS and observation of angiogenic events. They 
demonstrated that the extent of EC network formation from invading cells is enhanced in 
the presence of 3 dyn/cm2 WSS [81], which is within the range of WSS for maximal 
invasion in our study (3 to 5 dyn/cm2). The networks generated in their study did not 
extend more than 50 µm beneath the monolayer but rather extended parallel to the 
matrix surface. In our system, the ECs did not form shallow networks but rather 
migrated predominantly orthogonal to the monolayer surface to depths >100 µm. In this 
study, S1P was incorporated in the collagen matrix and resulted in the ECs migrating 
orthogonal to the monolayer in a manner that more closely represents the morphology of 
sprouting ECs in vivo.  
It is intriguing that invasion distance and density show different dependencies on 
WSS magnitude (cf. Figs. 4, D and E). It is well established that low and high WSS have 
distinct effects on cell signaling, migration, morphology, proliferation, and apoptosis in 
ECs cultured in 2-D culture [89, 99, 100]. This is the first study to investigate the effects 
of different WSS magnitudes on EC invasion into 3-D matrices. WSS levels of 5.3 and 
12 dyn/cm2 induced similar levels of Ki-67 staining and caspase-3 cleavage. Thus, other 
mechanisms unrelated to cell proliferation and apoptosis are involved in regulating the 
sensitivity of invasion to the magnitude of WSS. Recently, Venkataraman et al. [101] 
reported data supporting a role for ECs in maintaining plasma levels of S1P. 
Furthermore, these authors demonstrated that 15 dyn/cm2 WSS increased the secretion 
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of S1P from cultured ECs with concomitant upregulation of sphingosine kinase 
expression and downregulation of the expressions of sphingosine lyase and sphingosine 
phosphatase. With the consideration of the results of this new report and the present 
study, it appears that WSS regulates both the generation of S1P as well as the ability of 
S1P to induce EC invasion. The role of WSS-induced S1P generation in our system may 
not be critical in our system due to the high concentration present in the matrix; 
however, such localized S1P generation may be important in regulating EC invasion in 
vivo. Although flow has long been recognized as a regulator of angiogenesis [102], few 
studies have directly evaluated the role of flow-induced WSS on angiogenesis in vivo. 
Nasu et al. [75] studied the growth and flow rate distribution of microvessels in tumors 
and concluded their observations indicated that vessel growth in tumors depends more 
on local hemodynamics than on vascular growth factors. Typical WSS magnitudes in the 
microvasculature are reported to be in the range of 5 to 150 dyn/cm2 [103, 104]; 
however, WSS levels in postcapillary venules in mouse cremaster muscle have been 
estimated to be in the range of 1 to 5 dyn/cm2 [105]. Ichioka et al. [74] measured 
changes in blood flow and vascular growth in response to long-term administration of 
the vasodilator prazosin in a rabbit ear chamber. They estimated that WSS in 
postcapillary venules increased from 3.7 to 5.3 dyn/cm2, and this coincided with an 
increase in the rate of tissue vascularization within the chamber [74]. Our results support 
the finding that increasing WSS within the range of 3 to 5.3 dyn/cm2 enhances the 
angiogenic response. This optimal WSS was also observed when testing additional EC 
microvascular cell lines HDMVECs and HRMVECs (cf. Fig. 8). It is important to note 
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that sprouting angiogenesis is primarily localized to postcapillary venules, which under 
quiescent conditions are exposed to relatively lower WSS than blood vessels in other 
areas of the vasculature.  
In our experimental model, EC invasion was dependent on the magnitude of 
WSS in the only perfusion media with the same viscosity. However, WSS is the product 
of fluid viscosity and shear rate. Our results indicate that shear rate rather than wall shear 
stress appeared to regulate S1P-induced EC invasion. WSS is the shearing force exerted 
by flow over the EC surface and can modulate many signal transduction pathways 
mediated by mechano-sensor molecules [106, 107]. On the other hand, shear rate can 
modulate the diffusional accumulation of vasoactive agonists like ATP to the cell 
surface, which are known to induce a Ca2+ response in cells. In mathematical models, the 
ATP concentration at the EC surface increases with the magnitude of applied shear stress 
[108-111].  
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In experimental model, Choi el al. [112] reported that the ATP concentration at 
the EC surface increases at higher shear stress (40 dyn/cm2) rather than low shear stress 
(5 dyn/cm2) progressely in the longitudinal direction using a backward facing step 
chamber. Flow-induced Ca2+ transient in cultured ECs is dominantly influenced by ATP 
concentration in the perfusing medium [113, 114]. Nollert el al. [109] demonstrated that 
the ATP concentration is determined by a balance between the convective transport of 
fresh ATP from upstream and the degradation of ATP at the ECs surface in a parallel 
plate flow system. Ando et al. also reported that cytoplasmic Ca2+ responses in  
ECs were increased by increasing flow rate and the regulated by WSS but not by shear 
rate. Importantly, cytoplasmic Ca2+ responses were increased and saturated after 5 
dyn/cm2 WSS. These data suggest that high shear rate over 5 dyn/cm2 WSS may induce 
similar high cytoplasmic Ca2+ responses in our system. However, it is intriguing why EC 
invasion density is high at 5.3 dyn/cm2 WSS and low at 12 dyn/cm2 WSS. We 
hypothesized that downstream signaling pathways due to WSS may play a crucial role in 
S1P- induced EC invasion, which we address in the next chapters. 
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CHAPTER III 
 
 
             FLUID SHEAR STRESS AND SPHINGOSINE 1–PHOSPHATE ACTIVATE  
    CALPAIN AND AKT TO PROMOTE MT1-MMP MEMBRANE TRANSLOCATION  
                                               AND ENDOTHELIAL CELL INVASION * 
 
Overview 
 
Our results from Chapter II indicate that S1P and WSS cooperatively initiate EC 
invasion into 3-D collagen matrices [84]. In this chapter, we defined the signaling 
pathways activated during EC invasion in response to S1P and WSS. We investigate 
whether calpain controlled Akt and MT1-MMP, because these molecules have been 
demonstrated by others to regulate angiogenesis, yet a hierarchical signaling pathway 
where calpain regulated downstream activation of Akt, and MT1-MMP has not been 
demonstrated. S1P synergized with 5.3 dyn/cm2 WSS and stimulated maximal calpain, 
Akt, and MT1-MMP activation, resulting in high levels of EC invasion. Our data 
indicate the combination of S1P and 5.3 dyn/cm2 WSS activated calpains, which 
phosphorylated Akt and directed MT1-MMP membrane localization to initiate 
angiogenic sprouting responses in ECs.   
 
 
 
____________ 
*This manuscript has been submitted to the Journal of Biological Chemistry. 
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Introduction 
 
Biochemical and Mechanical Stimuli Promote Angiogenesis and Vascular Remodeling 
  Pro-angiogenic factors such as S1P, VEGF, and bFGF, are potent stimulators of 
new blood vessel growth [5, 115-117]. Blood flow, like biochemical factors, is a strong 
regulator of vascular development and remodeling. Dickinson and colleagues 
demonstrated that fluid shear stress is crucial for normal vascular remodeling during 
development [23]. In Chapter II, we reported that 5.3 dyn/cm2 WSS acted synergistically 
with S1P to stimulate robust endothelial sprouting responses [84]. While biochemical 
signals that stimulate angiogenesis are well-studied, signals downstream that integrate 
biochemical and hemodynamic signals to control new blood vessel growth are not 
completely defined. In this chapter, we take advantage of the 3-D EC invasion system to 
more completely understand the combined influence of WSS and S1P on the initiation of 
sprouting angiogenesis, where ECs transition from a quiescent to an invading phenotype.   
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Calpain Is a Plausible Candidate for Regulating the Transition From the Quiescent to
 Invasive Phenotype 
 Various exogenous stimuli activate calpains, including WSS [76, 118] and VEGF 
[119]. Calpains are intracellular calcium-activated cysteine proteases that function to 
regulate migration by cleaving talin, vinculin, paxillin, focal adhesion kinase and 
cortactin [120-122]. Calpain inhibitors block endothelial alignment in response to shear 
stress [123]. Calpain antagonists also block bFGF-induced corneal angiogenesis [124] 
and matrigel-induced angiogenesis in vivo that was attributed to VEGF induction of 
calpain 2 in lung endothelial cells [119]. Calpains are required for cell membrane release 
during cell spreading [121, 125, 126] and mediate membrane protrusion and cell 
movement in 2-D systems [127-130]. Thus, calpain activity is modulated in ECs by 
growth factors and mechanical stimuli, which support a role for calpain in initiating 
angiogenic sprouting events. These data have prompted us to investigate a functional 
requirement for calpain in initiating endothelial sprouting events induced by WSS and 
S1P in 3-D collagen matrices. Importantly, the molecular events downstream of calpain 
activation that initiate angiogenesis are poorly understood.   
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S1P- or WSS- Stimulated Akt Phosphorylation Plays a Key Role During EC Invasion 
The serine/threonine kinase Akt is a central regulator of cell survival, migration, 
metabolism, and tube formation [32, 131]. A role for Akt has also been demonstrated 
during EC sprouting in vitro and angiogenesis in vivo [34]. The average length of sprouts 
was significantly reduced in Akt1 knockout mice compared to wild-type mice in an ex 
vivo aortic ring invasion assay [33]. Since Akt plays a crucial role in ECs, we investigate 
whether Akt is required for S1P- and WSS-induced EC invasion in 3D collagen 
matrices. In addition, it is well known that Akt is phosphorylated by S1P, VEGF, and 
WSS. The effects of VEGF and S1P on EC migration and tubulogenesis in vitro have 
been shown in separate studies to be dependent on Akt activity [132-134]. Activation of 
S1P1 receptors in ECs has been reported to stimulate the activation of Akt via pertussis 
toxin-sensitive G proteins [135, 136]. Dimmler et al. [137] demonstrated that Akt 
phosphorylation increases monotonically with increasing WSS in the range of 0 to 
45 dyn/cm2 in 2-D cultures. In addition, both S1P and WSS induce dose-dependent Akt 
phosphorylation [138, 139]. Akt has several downstream targets implicated in 
angiogenesis, including endothelial nitric oxide synthase (eNOS) [138], hypoxia-
inducible factor [140], and the transcription factor FOXO [141]. This study is the first to 
define the role of Akt in S1P- and WSS-induced EC invasion in 3D collagen matrices 
and demonstrate a new molecular pathway as a downstream of calpain or upstream of 
MT1-MMP. 
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MT1-MMP activation Is a Key Event in Angiogenic Sprouting and Invasion Events 
  Membrane-type matrix metalloproteinases (MT-MMPs) function alongside 
integrins and growth factors to direct angiogenic sprouting and lumen formation [48, 
142-147]. Mice lacking MT1-MMP have developmental delays, a reduced lifespan and 
defective angiogenic sprouting responses [48, 148, 149]. The MT1-MMP cytoplasmic 
tail is phosphorylated by Src to regulate proteolytic activity and membrane localization 
[150], and S1P stimulates translocation of MT1-MMP to the membrane [151]. MT1-
MMP is clearly required for vessel outgrowth and lumen formation [48, 142, 144, 145], 
but the intracellular molecular events that control MT1-MMP activation and membrane 
translocation following pro-angiogenic stimulation of EC are incompletely defined. 
Here, we investigated whether calpain activation acts upstream of pro-angiogenic factor-
induced MT1-MMP membrane translocation and activation. We demonstrate for the first 
time an ability of calpain to regulate MT1-MMP in endothelial cells following activation 
by S1P and WSS. 
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Materials and methods 
 
Gene Silencing Using ShRNA 
Short hairpin RNA constructs were purchased from Sigma-Aldrich and prepared 
from glycerol stocks for calpain 1 (SHCLNG-NM_005186), calpain 2 (SHCLNG-
NM_007148) and beta 2 microglobulin (SHCLNG-NM_004048). Lentiviruses were 
generated as described [152] using 1.5 µg of backbone Lentiplasmid, 4.5 µg of 
VIRAPOWER packaging mix (Invitrogen) and 12 µl lipofectamine 2000 into 100% 
confluent 293FT cells in T25 flask. Viral supernatants were harvested at 48h from 
293FT cells at 48 h, passed through 0.45 µm filter (Millipore) using 10 ml syringe, 
incubated with 1 x 106 HUVECs at passage 3 and then added polybrene (12 µg/ml). 
HUVECs were changed fresh growth medium after 4h and 72h. ECs expressing shRNA 
were selected with puromycin (0.2 µg/ml) for two weeks prior to placing in invasion 
assays. Successful expression of mutant genes and protein silencing was confirmed by 
Western blot analysis.  
 
Generation of a TIMP-1 Lentivirus 
TIMP-1 was amplified from HUVECs cDNA generated in the laboratory and 
inserted into the pIEX-5 vector (Novagen) to generate a C-terminal S- and His-Tag. 
Inserts were cloned into pENTR4 vector (Invitrogen). Positive clones were recombined 
with the pLenti6/V5-Dest vector (Invitrogen) using the GATEWAY system according to 
manufacturer’s instructions. For lentiviral production, the 293FT packaging cell 
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monolayers were seeded into two 25cm2 flasks at 40-50% confluency. A TIMP-1 
lentivirus was generated by combining 4µg of the pLenti6/V5 backbone vector with 
12ug of VIRAPOWER packaging plasmid and 20µl lipofectamine 2000 into 293FT cells 
of two flasks. Media were changed 12-16h later. One 293FT supernatant was harvested 
at 48 h after transfection, centrifuged at 300xg for 5 min and incubated with 0.4x106 
HUVECs in the presence of 12µg/ml Polybrene (Sigma). This procedure was repeated 
with the other 293 FT supernatant after 24h. Media were changed with growth media 72 
h later after viral transduction. Cells were used for collagen matrix invasion assay 24h 
later. Successful gene transduction was monitored by Western blot analysis using 
antisera directed to the S-Tag epitope.  
 
Inhibition Experiments 
Wortmannin and GM6001 (EMD Biosciences) were dissolved in DMSO at 10 
nM and 500 nM concentrations, respectively. ECs were preincubated with wortmannin 
(10 nM) or GM-6001 (500 nM) for 60 min during attachment to collagen matrices 
before shear stress exposure, and this was maintained throughout the application of WSS 
for 24h. Global (10 μM) was dissolved in ethanol; calpain inhibitor III (50 μM) and IV 
(31.6 μM) were dissolved in DMSO. Calpastatin human Recombinant Domain I and E64 
were dissolved in M199 at 100 nM and 1μM concentrations, respectively. All inhibitors 
were obtained from Calbiochem. EGTA (200 mM) was dissolved in distilled water and 
then diluted 1:100 in M199. ECs were exposed to calpain inhibitors with shear stress 
exposure and maintained throughout the application of WSS for 18h. To subject ECs to 
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WSS magnitudes of 5.3 dyn/cm2 in the presence of control or each inhibitor, two flow 
systems were run simultaneously. Each flow system contained two or three identical 
parallel-plate flow chambers (i.e. identical channel dimensions). ECs were exposed to 
inhibitors with shear stress exposure and maintained throughout the application of WSS 
for 18h. To subject ECs to WSS magnitudes of 5.3 dyn/cm2 in the presence of control or 
each inhibitor, two flow systems were run simultaneously. Each flow system contained 
two or three identical parallel-plate flow chambers constructed to have identical channel 
dimensions and arranged in random and order. 
 
Gelatin Zymography 
To subject ECs to WSS magnitudes of 0.12, 5.3, and 12 dyn/cm2, three flow 
systems were run simultaneously. Each flow system contained two identical parallel-
plate flow chambers (i.e., identical channel dimensions) arranged in series. Conditioned 
media (4ml) were sampled from the reservoir at the time points indicated, centrifuged at 
500g for 5 min, and frozen at -80°C. Aliquots of conditioned medium were concentrated 
~10-fold using a Centricon centrifugal filter unit containing an Ultracel YM-10 
membrane (Millipore) at 5000 rpm in a Beckman J2-21M centrifuge at 4C. The 
concentrated media (30 μl) were prepared under non-reducing conditions and loaded in 
8.5% acrylamide gels containing a final concentration of 1 mg/ml porcine gelatin. 
Following electrophoresis, the gels were rinsed 3 times in 100 ml of 2% Triton X-100 in 
water for 1 h and rinsed twice in distilled water before being placed in 25 mM Tris–HCl 
(pH 7.5) containing 5 mM CaCl2 overnight at room temperature. The gels were stained 
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with 0.1% Amido Black in 30% methanol and 10% acetic acid for 15 min at room 
temperature and destained in 30% methanol and 10% acetic acid before image collection 
and analysis. 
 
MT1-MMP Activation Assay  
We used TIMP-1 cells to measure only MT1-MMP activity because TIMP-1 
cells do not express any soluble MMPs. TIMP-1 cells were cultured in growth media 
with blast (1/1000) every 3 days and fed without blast 24h prior to beginning 
experiments. Other flasks containing confluent TIMP-1 cells were washed with only 
M199 twice and then fed with M199 and RSII (1/250) for 24h. After 24h, the culture 
media from flasks were collected and centrifuged at 350 Xg for 4 min. Supernatant were 
harvested and used for shear stress experiments.  The cells were fed with growth media 
and blast (1/10000) again until they are confluent. MT1-MMP activity was measured 
using SensoLyteTM 520 MMP-14 assay kit (Anaspec). The collagen matrices containing 
ECs were homogenized in assay buffer (Component D) containing 0.1% (v/v) Triton-X 
100 at 4ºC for 10 min, vortexed every 5 min and then centrifuged for 10 min at 12,000 
Xg, 4ºC for 10 min. The supernatant were collected and stored at -80C until use. Assay 
buffer and MMP-14 substrate (Component A) were warmed to room temperature until 
thawed before setting up enzymatic reaction. MMP-14 substrate was diluted 1:100 in 
assay buffer and then added to the supernatant. The reagents were mixed gently, added 
to 96-well plate and measured fluorescence intensity at Ex/Em=490nm±20/520±20 nm 
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and continuously record data every 5 min for 60 min. Experiments are performed three 
times in triplicate wells. Average values are recorded, plotted with standard deviation.  
 
Calpain Activity Assay  
Calpain activity was measured using Calpain-GloTM protease assay kit 
(Promega). The collagen matrices containing ECs were collected and incubated in 
extraction buffer containing 0.9% Trinton X-100, 0.1M phenylmethylsulfonyl fluoride 
(PMSF) 1/100, 20 μg/ml Aprotinin in 1X PBS at 4ºC for 10 min,. The samples were 
vortexed every 5 min and then centrifuged for 10 min at 12,000 Xg, 4ºC for 10 min. The 
supernatant were collected and stored at -80C until use. Assay buffer (Luciferin 
Detection Reagent and Calpain-GloTM Buffer) and an aliquot of Suc-LLVY-GloTM 
substrate were warmed to room temperature until thawed before setting up enzymatic 
reaction. This substrate was diluted 1:100 in assay buffer and then added to the 
supernatant. The reagents were mixed gently, added to 96-well plate and measured 
luminescence on a luminometer (Wallac 1420 Multilabel Counter from PerkinElmer 
Life Sciences). Experiments are performed three times in triplicate wells. Average 
values are recorded, plotted with standard deviation.  
 
Western Blots 
To subject ECs to WSS magnitudes of 0.12, 5.3, and 12 dyn/cm2, three flow 
systems were run simultaneously with each flow system containing two identical 
parallel-plate flow chambers arranged in series; individual chambers were removed at 
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various times. The collagen matrices containing invading ECs were washed briefly with 
PBS before being placed directing into preheated (100ºC) 1.5X Laemmli sample buffer 
(15% glycerol, 3.45% SDS, 371 mM Tris (pH 6.8), 0.0013% Bromphenol Blue). The 
lysed cells were boiled for 10 min, incubated on ice for 5 min and frozen at -20C. 
Proteins were loaded onto 10% SDS-polyacrylamide gels and transferred to 
polyvinylidene fluoride membranes (Fisher Scientific). After blocking in 5% non-fat dry 
milk at room temperature for 1 h, the membranes were incubated with monoclonal 
GAPDH (1:10000, Research Diagnostics, Inc., Flanders, NJ), vimentin (1:5000, Santa 
cruz biotechnology), polyclonal calpain-1 and -2 (1:2000, abcam) at room temperature 
for 3 h. In addition, membranes were incubated with monoclonal rabbit anti-phospho-
Akt (Ser473) primary antibody (1:1000, Cell Signaling) at 4°C overnight in Tris-Tween-
20 saline containing 5% BSA to detect phosphorylated Akt. The membranes were 
warmed to room temperature for 30 min and washed three times in Tris-Tween-20 saline 
before incubation with goat anti-rabbit secondary antibody and rabbit anti-mouse 
secondary antibody (1:5000, DAKO USA) in Tris-Tween-20 saline containing 5% milk 
for 1 h. The same Western blotting procedure was used with anti-Akt primary antibody 
(1:5000, Cell Signaling) to verify equal loading between samples or polyclonal antisera 
to cleaved caspase-3 fragments (Asp 175) primary antibody (1:1000, Cell Signaling 
Technologies) to quantify apoptosis. Immunoreactive proteins were visualized and 
developed using the enhanced chemiluminescence system (Millipore) and then the 
membranes were exposed to films (Denville Scientific Inc., Metuchen, NJ). 
  
45 
Images of the western blots were scanned using an HP photosmart C4280 
desktop scanner and polyacrylamide gels from gelatin zymograms were scanned with a 
FluorChem 8900 digital imaging system (Alpha Innotech San Leandro, CA). The band 
intensities were measured using Image J analysis software (NIH). Akt phosphorylation 
was expressed as the ratio of phosphorylated Akt to total Akt protein. Akt 
phosphorylation was normalized relative to the level of the static control at 0 h. The 
band intensities for active MMP-2 and MMP-2 pro-peptide (pro-MMP-2) were 
expressed relative to their maximal values. 
 
Immunofluorescence 
 Coverslips and collagen matrices will be fixed in freshly prepared 4% 
paraformaldehyde in PBS for 10 min. Each will be blocked in Tris/Glycine buffer (0.3% 
Tris, 1.5% Glycine) for 1 h, followed by permeabilization with 0.5% Triton X-100 in 
PBS for 30  min with gentle agitation.  Samples will be blocked in buffer containing 
0.5% TX-100, 1% BSA, and 1% serum that is appropriate for Alexa-conjugated 
secondary antibodies (Molecular Probes) overnight at 4°C. Primary antibodies will be 
added in blocking buffer (1:50) for 3h at room temperature. We used several primary 
antibodies, such as monoclonal Vimentin antibodies (1:500, Santa Cruz Biotechnology), 
Vinculin antibodies (1:100, Sigma), polyclonal calpain-1 and -2 (1:300, abcam) or VE-
cadherin antibodies (1:100, Alexis biochemicals). After washing (15 min for coverslips, 
1h for collagen gels) in 0.1% TX-100 in PBS, secondary antibodies will be added in 
BSA-containing buffer for 1h (coverslips) or 2h (collagen gels). After washing, samples 
Image Analysis and Quantification 
  
46 
will be mounted and imaged from the side using a Nikon ECLIPSE fluorescent 
microscope equipped with appropriate filters or performed at the Texas A&M Image 
Analysis Laboratory [3]. 
 
Transfection 
Before transfection, glass microscope slides (75 x 50 x 1mm) were coated with 
collagen type I (20 µg/ml) for 30 min. For allowing DNA-liposome complexes 
formation, Plasmid DNA (6µg) expressing MT1-MMP, calpain 1 or calpain 2 fused to 
green fluorescent protein (GFP) and 12µl Lipofectamine 2000 (Invitrogen) were diluted 
separately in 500µl of OPTI-MEM (Invitrogen) for 5 min and then were mixed gently 
and incubated at room temperature for 20 min. During incubation, the cells were rinsed 
twice with 14ml PBS and removed with 2ml of 0.25% trypsin-EDTA (Invitrogen) at 
37°C for 1 min. The trypsin was neutralized with 2ml FBS. Cells were resuspended in 
3ml DMEM with 20% FBS and then 1ml of them was added into the mixed plasmid 
DNA and Lipofectamine reagent. The Cells were seeded onto the glass microscope slide 
for 2 h, placed to culture medium without antibiotic for 24 h. The next day, cells were 
treated with various combinations of WSS and S1P as indicated. Cells were fixed and 
imaged. To quantify MT1-MMP-GFP localization to the cell periphery, outlined section 
of cells were manually traced in Adobe Photoshop and the pixel intensity inside a 10-
pixel-wide outline of the cell was quantified in Image J. To avoid measuring fluorescent 
intensity from perinuclear staining, any perinuclear staining that entered the outline was 
excluded from the analysis. The cell fluorescent intensity histogram was normalized by 
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setting the darkest cytoplasmic region in the cell to a pixel intensity of zero. The extent 
of MT1-MMP-GFP localization to the cell periphery was defined as the average pixel 
intensity within the analysis region. The quantification of MT1-MMP-GFP localization 
to the cell periphery was measured from three individual experiments (n=25 cells). 
 
Membrane Fractionation 
Cells were seeded on glass slides overnight and treated with or without 1 µM 
S1P for 1 h prior to the application of the indicated levels of shear stress for an 
additional 2 h. Membrane fractions were prepared by incubating the cells in lysis buffer 
[20mM HEPES, pH 7.4, 20mM NaCl, 1.5mM MgCl2, 250mM sucrose, 1mM EDTA, 
2mM phenylmethylsulfonyl fluoride, and Complete Protease Inhibitor Cocktail (Roche 
Diagnostics)]. Lysates were passed through a 27G needle 10 times using a 1mL syringe 
and kept on ice for 20 min. After homogenization, lysates were centrifuged at 1,000xg 
for 5 min at 4°C to remove unbroken cells. The supernatant was removed and 
centrifuged at 150,000xg for 30 min at 4°C in a TL-100 Ultracentrifuge (Beckman 
Instruments).  The resulting supernatants corresponded to cytoplasmic fractions. Pellets 
were resuspended in lysis buffer containing 0.5% NP-40 and corresponded to membrane 
fractions. 
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Results 
 
Calpains Are Required for S1P- and WSS-Induced EC Invasion in 3-D Collagen 
Matrices 
Calpain 1 (μ-calpain) and calpain 2 (m-calpain) are the two major isoforms of 
calpain. Pharmacological inhibitors of calpains were used to demonstrate a functional 
requirement for calpains in EC invasion. ECs were stimulated with S1P and 5.3 dyn/cm2 
WSS in the presence of global calpain inhibitor, calpain inhibitor IV, and calpain 
inhibitor III for comparison to untreated controls (Fig. 9A). Each of these calpain 
inhibitors is cell-permeable and block both calpain I and II. Specially, global calpain 
inhibitor also blocks cathepsin B and cathepsin L. Calpain inhibitor IV inhibits cathepsin 
L and is an irreversible inhibitor of calpain II. Photographs of invading structures are 
shown in Figure 9B. Invasion responses were noticeably impaired in the presence of the 
global calpain inhibitor, calpain inhibitor IV and III. These findings support that calpains 
are required for EC invasion responses. To confirm the results obtained using these 
pharmacological inhibitors, gene silencing studies using recombinant lentiviruses 
delivering shRNA directed against calpain 1 (shCalp1), calpain 2 (shCalp2) were also 
performed. As controls, cells were left untreated (Control) or treated with shRNA 
directed against beta 2 microglobulin control (sh2M). A side view of invasion 
responses is shown in Figure 10A and quantification of invading EC density are 
summarized in Figure 10B. Consistent with the results obtained using calpain inhibitors, 
both shCalp1 and shCalp2 treatment blocked invasion responses (Fig. 10B). In all 
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experiments, sh2M control invaded to a comparable extent to control non-transfected 
cells. Selective knockdown of the appropriate calpain isoform with each shRNA was 
confirmed by Western blot analyses (Fig. 10C) and quantified by the densitometric 
analysis in Figure 10D. Multiple shRNA sequences that targeted calpain 1 and calpain 2 
were delivered to the ECs to rule out off-target effects of RNA silencing treatments 
(Figure 11). These support the hypothesis that both calpain isoforms are required for S1P 
and WSS-induced EC invasion in 3-D collagen matrices. 
 
 
 
Figure. 9. Calpain inhibitors inhibited S1P and WSS-induced EC invasion. A: ECs were seeded on 
collagen matrices containing 1µM S1P and treated with 5.3 dyn/cm2 WSS with vehicle, 10μM Global,  
31.6 μM calpain inhibitor IV, or 50 μM calpain inhibitor III  for 18 h. Cultures were fixed and stained to 
quantify the number of cells invading per field. Inhibitors were tested in three individual experiments 
(mean ± SD, n = 18 fields) and data were normalized to control values. Representative cross-sectional 
micrographs are shown for ECs left untreated control, 10μM Global, 31.6 μM calpain inhibitor IV, or 50 
μM calpain inhibitor III for 18 h. The invasion densities quantified for each condition from three 
individual experiments are summarized (B: mean±S.D. * ANOVA and multiple comparison testing 
indicates a significant difference from control and sh2M (P<0.05). Scale bar, 100μm. 
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Figure. 10. Calpains are required for EC invasion induced by combined WSS and S1P stimuli. A 
and B: ECs transduced with lentiviruses delivering shRNA directed to beta 2 microglobulin (sh2M), 
calpain 1 (shCalp1) or calpain 2 (shCalp2) were stimulated with 1µM S1P and 5.3 dyn/cm2 WSS for 24h. 
Cultures were fixed and stained (A) and the invasion densities quantified for each condition from five 
individual experiments are summarized (B; mean ± SD, n = 21 fields). C: Culture extracts were 
immunoblotted with antibodies against calpain 1, 2 and GAPDH. Each blot is representative of 3 
independent experiments. D: The invasion densities quantified for each condition from three individual 
experiments and the blots quantified by densitometric analysis from 3 independent experiments are 
summarized (B and D: mean±S.D). * ANOVA and multiple comparison testing indicates a significant 
difference from control and sh2M (P<0.05). Scale bar, 100μm. 
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Figure. 11. Calpain 1 and 2 knockdown significantly reduced S1P and 5.3 dyn/cm2 WSS induced EC 
invasion. ECs were non-transfected (HUVEC) or transduced with lentiviruses delivering shRNA directed 
to beta 2 microglobulin (sh2M; negative control), multiple calpain 1 and 2 shRNA sequences to 
successful reduced or blocked invading structures. A and B: Western blot analyses confirm successful 
knockdown of multiple calpain 1 and 2. C and D: Untreated ECs (HUVEC) and ECs transduced with 
lentiviruses delivering shRNA directed to sh2M, multiple shCalp1 or shCalp2 were stimulated with 1µM 
S1P and 5.3 dyn/cm2 WSS for 24h. Cultures were fixed and stained and the invasion densities quantified 
for each condition from three individual experiments are summarized (mean ± SD). * ANOVA and 
multiple comparison testing indicates a significant difference from HUVEC and sh2M (P<0.05).  
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Calpains Are Activated During S1P-and WSS-Induced Invasion 
To determine whether S1P and/or WSS activates calpain, ECs cultured on 3-D 
collagen matrices containing or lacking S1P (1 μM) were treated with or without WSS 
(5.3 dyn/cm2) for 6 h (Fig. 12). WSS applied alone significantly increased calpain 
activation compared to untreated ECs and ECs treated with S1P alone (Fig. 12A). In 
addition, combined S1P and WSS treatment induced even greater calpain activation. The 
extent of cell invasion was also highest following combined treatment with S1P and 5.3 
dyn/cm2 WSS (Fig. 12C), which is consistent with our previous report [84]. Thus, S1P 
synergized with 5.3 dyn/cm2 WSS to activate calpain activation. We next determined the 
effect of the magnitude of WSS on calpain activation in 3-D collagen matrices 
containing S1P (Fig. 12B). 5.3 dyn/cm2 WSS induced significantly higher calpain 
activation compared to 0.12 and 12 dyn/cm2 WSS. In addition, S1P combined with 5.3 
dyn/cm2 WSS and more effectively induced invasion than 0.12 and 12 dyn/cm2 WSS 
(Fig. 12D). We next determined whether S1P- or WSS- induced calpain activation 
corresponded with the protein amounts of calpains and calpastatin.  ECs seeded onto 3-D 
collagen matrices were pretreated with or without 1µM S1P for 1h and then exposed to 
static conditions or 5.3 dyn/cm2 WSS for 6h (Fig. 13). The protein amounts of calpains 
and calpastatin decreased with a time, but were not significantly changed by WSS and/or 
S1P application. These results demonstrate calpain is a critical component of successful 
invasion in response to WSS and S1P, but that overall calpain activation levels do not 
completely explain the changes in invasion responses (data not shown).  
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Figure. 12. S1P and WSS synergistically activate calpains. ECs on collagen matrices were subjected to 
the indicated magnitudes of WSS in the absence or presence of S1P for 6h. The cultures were then either 
lysed to measure calpain activity (A and B) or stained and imaged to quantify the average number of 
invading cells (C and D). As described in MATERIALS AND METHODS, calpain activation was 
measured as luminescent intensity (meanSD; n=3) using the Calpain-GloTM protease assay kit. Western 
blot analyses were performed with antibodies directed to GAPDH to verify equal loading between samples 
(not shown). Each data point was derived by averaging three individual wells from three individual 
experiments. Invasion responses were measured after 18h of treatment. * ANOVA and multiple 
comparison testing indicates a significant difference between groups (P<0.05). 
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S1P and 5.3 dyn/cm2 Preferentially Regulate Calpain Membrane Localization 
Calpain activation is often associated with translocation to the membrane and is 
facilitated by hydrophobic interactions with the lipid bilayer [153, 154]. Since alterations 
in calpain activation levels did not exclusively explain invasion responses (cf. Fig. 12), 
we next determined whether calpain 1 or 2 are translocated to the membrane by S1P and 
5.3 dyn/cm2. ECs were treated with nothing (control), 5.3 dyn/cm2 WSS alone, S1P 
alone, or S1P together with 5.3 dyn/cm2 WSS. Following each treatment, membrane 
fractions were isolated and analyzed for calpain 1 or 2 levels (Fig. 13). Combined 
treatment with S1P and 5.3 dyn/cm2 WSS resulted in the highest levels of both 
endogenous calpain 1 and 2 detected in membrane isolates Thus, the combination of S1P 
and 5.3 dyn/cm2 WSS enhanced calpain 1 and 2 membrane translocation compared to 
other treatments. 
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Figure. 13. S1P-induced calpain expression is enhanced by 5.3 dyn/cm2 WSS. A: ECs were treated in 
the absence or presence of S1P (1µM) for 1 h prior to WSS treatment and maintained in the flow media 
for the duration of 2 h WSS treatment (5.3 dyn/cm2). Cell membranes were isolated as described in 
MATERIALS AND METHODS. Representative Western blots (A) indicate Calpain 1 and 2 levels in the 
membrane (top and middle blot) and total cell fractions (bottom blot). The blots were quantified by 
densitometric analysis from 2 independent experiments (B: mean±S.D.). * Significant difference from 
other groups.  
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WSS and S1P-Induced Invasion Responses Required for Akt Phosphorylation 
A role for Akt has previously been demonstrated during EC sprouting in vitro 
and angiogenesis in vivo [33]. Both S1P and WSS have been reported to induce 
dose-dependent Akt phosphorylation [138, 139]. To determine whether S1P or WSS 
stimulated Akt phosphorylation in ECs seeded onto 3-D collagen matrices, cultures were 
exposed to static conditions or 5.3 dyn/cm2 WSS on collagen matrices in the absence or 
presence of S1P (Fig. 14A). In the absence of S1P (Fig. 14A, left), WSS did not induce a 
noticeable increase in Akt phosphorylation compared with static controls (0 dyn/cm2). 
There was a significant increase in Akt phosphorylation, however, when ECs were 
seeded on collagen matrices containing S1P for 1h that subsided after 8 h (Fig. 14A, 
right). The level of Akt phosphorylation at the 1h time point was noticeably enhanced by 
the addition of 5.3 dyn/cm2 WSS. We next determined whether the WSS-induced Akt 
phosphorylation varied depending on the magnitude of WSS applied to ECs on S1P-
containing collagen matrices using Western blot and densiometric analyses (Fig. 14, B 
and C, respectively). Consistent with the results in Fig. 14A, 5.3 dyn/cm2 WSS increased 
Akt phosphorylation relative to the static control. This robust increase was not observed  
with 0.12 and 12 dyn/cm2 WSS. All together, these results suggested that WSS-induced  
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invasion may involve Akt phosphorylation and that the increase in Akt phosphorylation 
was maximal at an intermediate WSS magnitude of ~5 dyn/cm2, which also induced the 
maximal density of invasion (cf. Fig. 4). PI3K is the major kinase that activates Akt. To 
demonstrate a functional requirement for phosphorylated Akt in invasion responses, ECs 
were treated with the specific PI3K inhibitor wortmannin (Fig. 15B). Although Akt was 
transiently phosphorylated in ECs sheared in the presence of the vehicle (control), the 
increase in Akt phosphorylation after the application of WSS was completely blocked in 
the presence of 10 nM wortmannin (Fig. 15A). Furthermore, wortmannin treatment 
significantly attenuated EC invasion, as demonstrated by the photographs shown in Fig. 
15A (top vs. bottom). Quantification of these responses demonstrated that invasion 
distance (Fig. 15C) and density (Fig. 15D) were significantly reduced by wortmannin 
treatment in response to 5.3 dyn/cm2 WSS. These results confirm that Akt 
phosphorylation is involved in mediating S1P and WSS-induced invasion responses. 
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Figure 14. S1P-induced Akt activation is enhanced by 5.3 dyn/cm2 WSS. A: ECs were subjected to 
WSS magnitudes of 0 (static control) and 5.3 dyn/cm2 for 0,1, and 8 h, in the absence or presence of S1P. 
The cells were then lysed, and proteins were then collected as described in MATERIALS AND 
METHODS. Western blot analysis was performed with an antibody directed against the phosphorylated 
form of Akt (top blot) and an antibody directed against all forms of Akt (bottom blot). Each blot is 
representative of 3 independent experiments. B and C: ECs were subjected to steady WSS magnitudes of 
0 (static control), 0.12, 5.3, or 12 dyn/cm2 for the indicated durations in the presence of S1P. Western blots 
for the phosphorylated form of Akt (top blot) and total Akt (bottom blot) are representatively shown (B) 
and quantified by densitometric analysis from 3 independent experiments (C; meansSD). *Significant 
difference from static control (P< 0.05).  
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Figure 15. Wortmannin inhibits the effects of WSS on Akt phosphorylation and attenuates EC 
invasion. ECs were subjected to 5.3 dyn/cm2 WSS for 0, 1, 8, and 24 h in the presence of S1P and either 
DMSO vehicle or 10 nM wortmannin. Western blot analyses were performed with an antibody directed 
against the phosphorylated form of Akt (B; top blot) and an antibody directed against all forms of Akt (B; 
bottom blot). The invasion distance (C; n =150 sprouts) and density (D; n =12 fields) of invading ECs 
were plotted as a function of WSS magnitude (means ±SD). *Significant difference between groups (t-
test; P <0.05). Scale bar, 100 µm. 
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WSS and S1P-Induced Invasion Responses Required MMP-2 Activation  
Because MMP-2 activation has been previously correlated with S1P and growth 
factor-induced EC invasion [4], we determined the effects of WSS magnitude on MMP-
2 expression and activation. ECs were subjected to 0.12, 5.3, and 12 dyn/cm2 WSS in the 
presence of S1P before performing gelatin zymography using conditioned media 
collected from the flow system at time points indicated (Fig. 16A). MMP-2 levels 
increased with time in cultures subjected to 0.12 and 5.3 dyn/cm2 WSS, whereas high 
WSS (12 dyn/cm2) resulted in suppression of pro- and activated forms of MMP-2. 
Quantification and two-way ANOVA of the zymograms (Fig. 16, B and C) indicated 
that the pro-MMP-2 band intensities were statistically lowest in the perfusate from the 
cells subjected to 12 dyn/cm2 WSS, whereas the activated MMP-2 band intensities were 
statistically highest in perfusate from cells subjected to 5.3 dyn/cm2 WSS. These results 
suggested that MMP activity is important for EC invasion in response to WSS+ S1P and 
that MMP-2 expression and activation are maximal at 5.3 dyn/cm2 WSS, whereas MMP-
2 expression and activation is largely suppressed by 12 dyn/cm2 WSS. To confirm that 
metalloproteinase activity is functionally important in EC invasion induced by WSS and 
S1P, we tested the effect of the hydroxamate-based metalloproteinase inhibitor GM6001 
along with vehicle (control) on the invasion response of ECs subjected to 5.3 dyn/cm2 
WSS. Photographs illustrate that GM6001 treatment (500 nM) completely blocked EC 
invasion (Fig. 17, A vs. B), which is quantified in Fig. 17C. Gelatin zymography 
confirmed complete blockade of MMP-2 activation by GM6001 (data not shown). These 
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results confirm a requirement for MMP activity in mediating S1P and WSS-induced 
invasion responses. 
 
 
 
Figure 16. Matrix metalloproteinase (MMP)-2 activation is maximal in response to S1P and 5.3 
dyn/cm2 WSS. ECs were subjected to steady WSS ranging from 0.12 to 12 dyn/cm2 in the presence of 
S1P, and samples of the conditioned media were collected at the indicated time points. The concentrations 
of MMP-2 propeptide (pro-MMP-2) and active MMP-2 are representatively shown by gel zymography (A) 
and quantified by densitometric analysis from 2 independent experiments (B and C, respectively; means 
±SD). The band intensities were normalized relative to the highest intensity for each form of MMP-2. 
*Two-way ANOVA indicates a significant difference from the other WSS magnitudes (P<0.05). 
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Figure 17. Invasion in response to the combined applications of S1P and WSS is blocked by MMP 
inhibition. Representative cross-sectional micrographs are shown for ECs that were subjected to 5.3 
dyn/cm2WSS for 24 h in the presence of S1P and either DMSO vehicle (A) or 500 nM GM6001 (B). The 
invasion density (C; n =24 fields) of invading ECs was quantified for each condition (means’s). 
*Significant difference from vehicle control (t-test; P<0.05). Scale bar, 100 μm. 
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Calpain Activation Regulates MT1-MMP 
MT-MMP plays a key role in matrix proteolysis and has been demonstrated to 
regulate angiogenic sprouting events [48, 144, 147, 155]. Compared to control cultures, 
calpain inhibition resulted in extremely thin invading structures (Fig. 18A and 9), 
suggesting a possible defect in matrix proteolysis. To test for a connection between 
calpain and MT1-MMP activity, MMP-2 activation levels, as an indicator of MT1-MMP 
activity in HUVEC [156] were determined using gelatin zymography(Fig. 18E). MMP-2 
levels in the presence of vehicle increased with time, while calpain inhibitor III reduced 
both pro- and activated forms of MMP-2. Quantification of pro-MMP-2 and MMP-2 
activation band intensities from zymograms (Fig. 18F-G) indicated that the MMP-2 
intensities were statistically lower in the perfusate from cells treated with calpain 
inhibitor III. The significant morphological changes caused by calpain inhibition (cf. 
Fig. 18A) were then quantified, including attenuated sprout diameter (Fig. 18B), nucleus 
penetration distance (Fig. 18C), and invasion distance (Fig. 18D). Sprouts were still 
observed, arguing against a gross defect in the ability of the ECs to migrate. Rather, 
these results indicate that the cells lacking calpain activity can send thin processes into 
the matrix, but their nuclei cannot penetrate into the dense collagen 3-D matrix. 
Altogether, impaired morphological responses and decreased levels of pro- and activated  
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MMP-2 resulting from calpain inhibition support that calpain may regulate MT1-MMP 
function during S1P- and WSS-induced sprouting. We next quantified MT1-MMP 
activation in 3-D cultures treated with S1P, WSS in the presence and absence of calpain 
inhibitor III. ECs were allowed to invade for 3 h before measuring MT1-MMP activity 
using a fluorogenic substrate.  While S1P and WSS each alone induced significant 
increases in MT1-MMP activity, a much larger increase in MT1-MMP activity was 
measured with S1P and WSS applied simultaneously (Fig. 19A). Further, S1P combined 
with 5.3 dyn/cm2 WSS elicited the highest MT1-MMP activation that was significantly 
elevated compared to 0.12 and 12 dyn/cm2 WSS (Fig. 19B). This activation was at least 
partially calpain-dependent since treatment with the calpain inhibitor III significantly 
reduced overall levels of MT1-MMP activation (Fig. 19C). The inhibitor completely 
inhibited calpain activation (Fig. 19D), as expected.  
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Figure. 18. Calpain blockade significantly reduced EC invasion and altered sprout morphology. A: 
Photographs of cell invasion responses after 18 h of exposure to 1 µm S1P and 5.3 dyn/cm2 WSS in the 
absence (left) and presence (right) of 50 µM calpain inhibitor III. The diameter of invading sprouts (B), 
the nucleus penetration distance (C), and overall invasion distance (D) were quantified (mean ± SD) * 
Significant difference from vehicle control (t-Test; P<0.05). Three individual experiments were performed 
(n=50 cells). Results shown are from a representative experiment. Scale bar, 100 μm. 
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Figure. 19. S1P and WSS activate MT1-MMP. ECs were subjected to the indicated magnitude of WSS 
in the absence or presence of S1P for 3 h. A-C: MT1-MMP activity was measured using the SensoLyteTM 
520 MMP-14 protease assay kit as described in MATERIALS AND METHODS. MT1-MMP (C) and 
calpain (D) activation were measured in ECs subjected to 5.3 dyn/cm2 WSS + S1P in the presence and 
absence of the calpain inhibitor III(50µM). Each data point was an average of triplicate wells from three 
individual experiments * ANOVA and multiple comparison test (P<0.05). * t-Test (P<0.05).  
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Like calpain activity, changes in the global levels of MT1-MMP activation did 
not completely explain the observed invasion responses elicited by S1P and 5.3 dyn/cm2 
WSS. Thus, we next investigated levels of MT1-MMP expression. To determine 
whether MT1-MMP expression was alterd by S1P and 5.3 dyn/cm2 WSS, ECs seeded 
onto 3-D collagen matrices were pretreated with or without 1µM S1P for 1h and then 
exposed to static conditions or 5.3 dyn/cm2 WSS (Fig. 20). Pro-MT1-MMP was high 
and active MT1-MMP was low regardless of the addition of S1P before exposure to 5.3 
dyn/cm2 WSS at 0 h (Fig. 20, lanes 1 and 2). After the application of  5.3 dyn/cm2 WSS, 
Pro-MT1-MMP was decreased and active MT1-MMP was increased significantly 
compared with static controls (0 dyn/cm2) at 2 and 6 h (Fig. 20, lanes 5-6 and 9-10 vs 
lanes 3-4 and 7-8). We next determined whether the effects of WSS magnitude influence 
MT1-MMP expression. We applied 0, 0.12, 5.3, and 12 dyn/cm2 WSS to collagen 
matrices containing S1P. Pro-MT1-MMP was generally lower in cells treated with 0.12 
dyn/cm2 compared to 12 dyn/cm2 and 5.3 dyn/cm2 WSS (Fig. 20, lane 11). 12 dyn/cm2 
WSS induced minimal active MT1-MMP at 6 h significantly compared to 5.3 dyn/cm2 
WSS. All together, these results suggest that WSS-induced invasion may involve an 
increase in active MT1-MMP expression.  
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It is not clear why HUVECs show decreased active MT1-MMP expression and 
cell invasion at 12 dyn/cm2 WSS. Thus, we next determined whether the effects of WSS 
magnitude influence membrane translocation of MT1-MMP. S1P can stimulate MT1-
MMP translocation to the membrane [52], but the effects of shear stress on MT1-MMP 
localization have not been reported. Experiments were conducted to apply WSS in the 
presence or absence of S1P. We transfected ECs with GFP-labeled MT1-MMP to detect 
changes in the localization of MT1-MMP in response to S1P and/or WSS. Cells on 
collagen-coated slides were pretreated with 0 or 1µM S1P for 1h, subjected to 0.12, 5.3 
or 12 dyn/cm2 WSS for 2h, fixed, and imaged (Fig. 21). In the absence of S1P, almost no 
localization of MT1-MMP-GFP to the cell periphery was observed at any level of WSS 
except 5.3 dyn/cm2 WSS (Fig. 21A). In the presence of S1P, 5.3 dyn/cm2 WSS elicited 
maximal localization of MT1-MMP-GFP to the cell periphery (indicated by white 
arrowheads), which was not observed for 0.12 or 12 dyn/cm2 WSS (Fig. 21A). 
Importantly, MT1-MMP-GFP membrane translocation was almost completely inhibited 
by blocking calpain (Fig. 21A).  
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Figure. 20. Active MT1-MMP expression level is enhanced by 5.3 dyn/cm2 WSS. A: ECs were 
subjected to steady WSS magnitudes of 0 (static control), 0.12, 5.3, or 12 dyn/cm2 WSS in the absence or 
presence of S1P for 0, 2, and 6h. The cells were then lysed, and proteins were then collected as described 
in MATERIALS AND METHODS. Western blot analysis was performed with an antibody directed 
against all forms of MT1-MMP (top blot) and GAPDH (bottom blot) and quantified by densitometric 
analysis from 3 independent experiments. Each blot is representative of 3 independent experiments. B: * 
The bracketed groups were significant difference from the control group (land 1 and 2) (ANOVA and 
multi-comparison testing; mean ± SD, P<0.05).  
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Figure. 21. Combined S1P and WSS treatment induced calpain-dependent membrane translocation 
of MT1-MMP. ECs transiently transfected with vectors expressing MT1-MMP-GFP chimeras were 
treated with the indicated magnitudes of WSS in the absence or presence of S1P. Transfection efficiency 
was roughly 20%. In calpain inhibition experiments, cells were pretreated with either the calpain inhibitor, 
Global (10µM) or the calpain inhibitor III (50µM) for 1 h prior to S1P and WSS treatments and the 
inhibitor was maintained in the perfusion media. A: White arrowheads indicate MT1-MMP-GFP 
localization to the cell periphery; black arrowheads indicate perinuclear localization. Scale bar, 20 µm. B: 
MT1-MMP peripheral GFP fluorescence intensities were quantified as described in MATERIALS and 
METHODS. Note the maximal induction was observed with exposure to 5.3 dyn/cm2 in the presence of 
S1P. * significant difference from other groups. 
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Interestingly, treatments that did not induce MT1-MMP-GFP membrane 
translocation resulted in strong perinuclear MT1-MMP-GFP localization (indicated by 
black arrowheads). Signal intensity was quantified by tracing intensity along the cell 
periphery (Fig. 21B) as described in the Materials and Methods. The reliability of MT1-
MMP-GFP fusion proteins was confirmed in separate experiments using two 
independent antibodies directed to MT1-MMP (data not shown). These data indicate that 
calpain inhibition attenuates MT1-MMP translocation to the cell membrane, which is 
necessary for robust invasion (cf. Fig. 9). To confirm MT1-MMP membrane 
localization, ECs were treated with nothing (control), WSS alone, S1P alone, or S1P 
together with WSS. Following each treatment, membrane fractions were isolated and 
analyzed for MT1-MMP levels (Fig. 22). Consistent with the fluorescent imaging results 
from Figure 21, combined treatment with S1P and WSS resulted in the highest levels of 
endogenous MT1-MMP detected in membrane isolates (Fig. 22A). In addition, higher 
levels of MT1-MMP were detected following 5.3 dyn/cm2 compared to 0.12 or 12 
dyn/cm2 WSS (Fig. 22B). Quantification of MT1-MMP membrane localization is shown 
in Figures 22C and D, where MT1-MMP intensity in the starting material was expressed 
as a percentage of the total levels of MT1-MMP. 
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Figure. 22. S1P and 5.3 dyn/cm2 WSS stimulate MT1-MMP membrane translocation. A and C: ECs 
were treated in the absence or presence of S1P (1µM) for 1 h prior to WSS treatment and maintained in 
the flow media for the duration of 2 h WSS treatment (5.3 dyn/cm2). B and D: ECs were treated with S1P 
(1µM) for 1 h and then subjected to 2 h of WSS at the indicated magnitudes. Cell membranes were 
isolated as described in MATERIALS AND METHODS. Representative Western blots (A and B) indicate 
MT1-MMP levels in the membrane (top blot) and total cell fractions (bottom blot). The blots were 
quantified by densitometric analysis from 3 independent experiments (C and D: mean±S.D.). * Significant 
difference from other groups.  
 
 
 
 
 
 
 
 
 
 
 
 
 
  
73 
S1P/WSS-induced Akt Phosphorylation Was Calpain-dependent and Partially Acted 
Upstream of MT1-MMP Activity 
Akt phosphorylation is involved in mediating S1P and WSS-induced invasion 
responses (cf., Fig. 8) and is required for cell motility in angiogenesis [34, 84, 131, 157]. 
However, Miyazaki et al. [76] recently reported that calpeptin, a calpain inhibitor, did 
not reduce Akt phosphorylation induced by shear stress of 30 dyn/cm2, while Youn et al. 
[157] showed that VEGF-induced Akt phosphorylation was attenuated by both calpeptin 
and global calpain inhibitors. To determine whether S1P and WSS-induced calpain 
activation regulates Akt phosphorylation to enhance EC invasion in 3-D collagen 
matrices, ECs exposed to 5.3 dyn/cm2 WSS were cultured in the absence and presence of 
global calpain inhibitor. Calpain inibition significantly attenuated Akt phosphorylation 
(Figs. 23A and B) and MT1-MMP activity (data not shown). Akt inhibition with 
wortmannin blocked WSS+S1P-induced MT1-MMP activation (Fig. 23C). These results 
suggest that calpain-induced Akt phosphorylation mediated MT1-MMP activity. 
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Figure. 23. Calpain inhibition attenuated Akt phosphorylation and Akt inhibition reduces MT1-
MMP activation. ECs were subjected to 5.3 dyn/cm2 WSS for 0, 1, 8, 17 h In the presence of S1P and 
either control or global calpain inhibitor (Global, 10μM). Western blot analysis was performed with an 
antibody directed against the phosphorylated form of Akt (A; top blot) and an antibody directed against all 
forms of Akt (A; bottom blot). B; Western blots for the phosphorylated form of Akt and total Akt 
quantified by densitometric analysis from 3 independent experiments (means ±SD). C; Wortmannin 
significantly attenuates MT1-MMP activity. ECs were subjected to 5.3 dyn/cm2 WSS for 3 and 20 h In the 
presence of S1P and either control or 10nM wortmannin. * significant difference between groups (T-test , 
P<0.01). + Two-way ANOVA indicates a significant difference from Global (P<0.01).  
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Discussion 
 
In Chapter II, we reported that EC invasion in 3-D collagen matrices requires 
S1P co-administered with either growth factors (VEGF and bFGF) or WSS, with WSS 
providing a stronger invasion response [84]. We also showed a biphasic dependence on 
WSS magnitude with the highest invasion observed at 5.3 dyn/cm2 WSS, but the lowest 
invasion observed at 12 dyn/cm2 WSS [84]. This same biphasic dependence on WSS 
magnitude was observed for the activations of calpain, Akt, and MT1-MMP. VEGF-
induced angiogenesis into matrigel plugs in vivo is blocked by calpain inhibition [119], 
which implicates calpain in regulating EC invasion through an unknown mechanism. 
Our data indicate that calpain regulates MT1-MMP to allow ECs to digest the collagen 
matrix in response to S1P and WSS. While WSS has previously been shown to activate 
calpain [76], this is the first study to demonstrate both S1P and WSS activates calpain. 
We provide several lines of evidence that invasion induced by S1P and WSS is related to 
the activation and membrane translocation of calpains. First, pharmacological inhibition 
and shRNA against calpains strongly inhibited EC invasion (cf. Fig. 10). Second, 
activation and membrane translocation of calpains, and cell invasion were each maximal 
at 5.3 dyn/cm2 WSS.  
The 3-D model used in our experiments provides a more realistic environment 
for studying the effects of angiogenic factors on cell invasion than 2-D models. Still, it is 
important to consider our results in light of previous studies of the effects of WSS on 
calpain signaling in 2-D HUVEC cultures. Ariyoshi and colleagues [118] observed 
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increased calpain 2 localization to the membrane in HUVECs in response to 10 dyn/cm2 
WSS, though the effects of other WSS magnitudes were not tested. Miyazaki and 
colleagues [76] reported that WSS-induced proteolytic activity in HUVECs increased 
monotonically as WSS magnitude was raised from 0 to 30 dyn/cm2. In contrast, we 
observe a biphasic dependence on WSS magnitude. It is not clear why HUVECs show 
decreased calpain activation and cell invasion at 12 dyn/cm2 WSS, though this is an area 
we are actively investigating. 
 
S1P and WSS Stimulate Akt Phosphorylation During EC Invasion 
Our data indicate that Akt activity is required for S1P- and WSS-induced EC 
invasion in 3D collagen matrices, as demonstrated by a 40% reduction in the average 
length of sprouts from Akt1 knockout mice as compared to wild-type mice in an ex vivo 
aortic ring invasion assay [33]. The effects of VEGF and S1P on EC migration and 
tubulogenesis in vitro have also been shown in separate studies to be dependent on Akt 
activity [132-134]. Activation of S1P1 receptors in ECs has been reported to stimulate 
the activation of Akt via pertussis toxin-sensitive G proteins [135, 136]. Pertussis toxin 
blocked S1P-induced migration [136], 3-D invasion [4], and tubulogenesis following 
preshearing [78]. Our data also provide evidence that Akt activation was stimulated by 
S1P and demonstrate for the first time that S1P synergizes with 5.3 dyn/cm2 WSS to 
induce maximal Akt activation in 3-D collagen matrices. Interestingly, S1P-induced Akt 
activation was suppressed by 12 dyn/cm2 WSS (cf. Fig. 14). Akt activation was also 
significantly decreased by inhibition of Akt and calpain in the presence of S1P and 5.3 
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dyn/cm2 WSS. Recently, Youn et al. [157] also demonstrated that calpain 2 colocalized 
with ezrin to regulate Akt, endothelial nitric oxide synthase (eNOS) activation and nitric 
oxide (NO) production. Our data support that calpain may regulate Akt activation in 3D 
collagen matrices. Akt has several downstream targets implicated in angiogenesis, 
including eNOS [138], hypoxia-inducible factor [140], the transcription factor FOXO 
[141], and p21-activated kinase (PAK) [158-160]. Of note, both eNOS activity, FOXO 
expression, PAK are regulated by WSS in ECs [138, 141] [161]. It is not clear how 
calpain-mediated Akt activity is involved in S1P- and WSS-induced EC invasion, but 
this is an area we are actively investigating. 
 
Calpains Regulate MT1-MMP Following Stimulation by S1P and WSS 
MT1-MMP has an indispensible role in angiogenic sprouting into collagen 
matrices in vitro and in vivo [48, 49, 80]. Although S1P has previously been shown to 
stimulate MT1-MMP membrane translocation through Src-mediated phosphorylation of 
the cytoplasmic tail of MT1-MMP [52], the effects of WSS on MT1-MMP membrane 
translocation have not been reported.  
We have previously shown that EC invasion correlates with MMP-2 activation as 
an indicator of MT1-MMP activity in ECs [162] (cf. Fig. 16). The expression of pro-
MMP-2 and active-MMP-2 were maximal at an intermediate WSS magnitude of 
5.3 dyn/cm2 and minimal at a high WSS magnitude of 12 dyn/cm2 in 3-D collagen 
matrices. These data are consistent with a previous report by Milkiewicz and colleagues 
[163] demonstrating that 16 dyn/cm2 WSS downregulated both MMP-2 protein and 
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mRNA levels (vs. static control) in cultured microvascular ECs, while 5 dyn/cm2 WSS 
did not. The ability of ECs to invade into collagen matrices despite a decrease in MMP-2 
levels is also noteworthy and demonstrates MMP-2 is not required for EC invasion into 
3-D collagen matrices. These data are consistent with previous reports that tissue 
inhibitor of metalloproteinase-1 (TIMP-1) [4, 144], an endogenous inhibitor of soluble 
MMPs, including MMP-2 and MMP-9, does not alter invasion responses [164]. Thus, 
we need to determine how shear stress regulates MT1-MMP and related angiogenic 
intracellular signaling cascades.  
Here we demonstrated for the first time that calpains can regulate MT1-MMP 
membrane translocation and, to a lesser extent, MT1-MMP activation. Calpain inhibition 
resulted in narrow sprouts and the inability of the nucleus to penetrate collagen matrices 
(cf. Fig. 18). However, sprout defects were likely not due simply to inhibition of 
migration since sprout length appeared unaffected. Rather, these results suggest matrix 
proteolysis was impaired. We previously reported that 12 dyn/cm2 WSS combined with 
S1P to stimulate invading ECs to extend more rapidly into collagen matrices with 
narrower lumens than sprouts from ECs subjected to lower magnitudes of WSS [84]. 
This sprout morphology observed with 12 dyn/cm2 WSS is strikingly similar to invading 
structures treated with calpain inhibitors. Further, 12 dyn/cm2 WSS-treated samples 
exhibited significantly lower calpain activation levels and MT1-MMP membrane 
localization than ECs treated with 5.3 dyn/cm2 WSS. In our model, S1P combines with 
5.3 dyn/cm2 WSS to induce the highest EC invasion responses. Consistent with this data, 
5.3 dyn/cm2 WSS combined with S1P promoted the highest activation and membrane 
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localization of calpain, as well as the activation, expression, and membrane localization 
of MT1-MMP. These data demonstrate a correlation between calpain activation, MT1-
MMP membrane translocation and EC invasion responses. Further, calpain inhibition 
partially reduced MT1-MMP activation and almost completely blocked membrane 
translocation stimulated by 5.3 dyn/cm2 WSS combined with S1P. These data reveal for 
the first time that calpain regulates MT1-MMP. 
 
Physiological Implications of These Findings 
Wound healing is a complex process in which the skin or organ repairs itself 
after injury. Platelets accumulate at sites along damaged blood vessels and release a 
number of biochemical factors including VEGF, bFGF, and S1P [94-97]. Additional 
inflammatory mediators released locally result in vasodilatory responses that ultimately 
increase WSS via increased blood flow. This scenario fits with the possibility that WSS 
and S1P initiate EC sprouting into the wound from nearby preexisting vessels. We have 
previously reported that WSS synergizes with S1P to induce significant EC invasion in 
collagen matrices [84]. A wide range of WSS levels are used to study 
mechanotransduction events in vitro, with many studies utilizing shear stresses of 12 
dyn/cm2 or greater. WSS levels in post-capillary venules have been estimated at 1-5 
dyn/cm2 [74, 105, 165], which is consistent with a previous report of 0-5 dyn/cm2 
laminar shear stress in the mouse embryo [166]. Here, we find S1P combined with 5.3 
dyn/cm2 WSS induced maximal activation of calpain and MT1-MMP and membrane 
translocation of calpain and MT1-MMP, thus providing new insight into the intracellular 
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signaling events that stimulate S1P- and WSS-induced EC sprouting at physiological 
levels of WSS observed in post-capillary venules. More specifically, our results suggest 
that S1P and WSS activation calpains, which controls MT1-MMP membrane 
translocation, and to a lesser extent, activation, which are key steps for successful 
initiation of EC sprouting in 3-D collagen matrices.  
These results provide a novel molecular mechanism of angiogenic sprout 
initiation induced by biochemical and mechanical stimuli, namely S1P and WSS. 
Altogether, these data demonstrate a requirement for calpain in directing MT1-MMP to 
the membrane in response to stimulation with S1P and 5.3 dyn/cm2 WSS. This 
observation is significant in that these conditions optimally stimulate endothelial 
sprouting responses in 3-D collagen matrices and uncover a previously unknown 
mechanism for regulating intracellular MT1-MMP localization that appears to be 
controlled by calpain activation. The regulation of this pathway may underlie vascular 
remodeling and angiogenic events in a variety of scenarios, including embryonic 
development, wound healing, and tumor angiogenesis, where biochemical and 
mechanical cues are optimal for initiation of new blood vessel growth. 
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CHAPTER IV 
 
 
FLUID SHEAR STRESS AND SPHINGOSINE 1-PHOSPHATE 
PHOSPHORYLATE PAK AND CLEAVE VIMENTIN TO ACTIVATE MT1-
MMP AND INDUCE EC INVASION 
 
Overview 
 
Our results from Chapters II and III demonstrate that S1P and 5.3 dyn/cm2 WSS 
synergistically enhances angiogenic sprouting through the activation of calpain, Akt, and 
MT1-MMP in 3-D collagen matrices. In this chapter, we define the roles of vimentin and 
PAK in initiating angiogenic sprout formation in response to S1P and WSS. Knockdown 
of the appropriate vimentin isoform with shRNA reduced MT1-MMP activation and 
inhibited S1P- and WSS-induced EC invasion in 3-D collagen matrices. A vimentin is a 
known substrate of calpain. A pharmacological inhibition of calpain significantly 
reduced vimentin cleavage resulting in decreased invasion responses. Akt inhibitor X 
also significantly decreased PAK and vimentin phosphorylation. All together, these data 
suggest that S1P- and WSS-activated calpain and Akt regulate vimentin cleavage and 
phosphorylation. The resulting vimentin fragments may bind and then transfer MT1-
MMP to the membrane to facilitate cell invasion into the collagen matrix.  
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Introduction 
 
Our results from Chapter III define that S1P- and WSS-activated calpains 
regulate Akt and MT1-MMP for initiating EC invasion in 3-D collagen matrices, but it is 
unclear how calpain activation or Akt phosphorylation specifically activated and 
translocated MT1-MMP to the membrane during EC invasion. In this chapter, we 
investigate the roles of a vimentin as a potential calpain substrate and as a controller of 
angiogenic sprouting formation. Since vimentin, the only intermediate filament protein 
found in ECs has recently emerged as a regulator of signal transduction involved in cell 
adhesion and migration [167-170], we hypothesized that S1P- and WSS-activated 
calpains may regulate vimentin networks, which may be directly linked to MT1-MMP 
translocation to the membrane during EC invasion in 3-D collagen matrices. 
Vimentin is required for angiogenic sprouting events. Gilles et al. [54] reported 
that vimentin contributes to human mammary epithelial cell migration in vitro wound-
healing models. Eckes el al. [55] observed that vimentin-deficient fibroblasts exhibit 
decreased motility, chemotactic migration, and delayed wound healing. Vimentin can 
also be cleaved by calpain [171]. Under mechanical stress, vimentin provides cells with 
mechanical resilience independent from the microtubule or actin filament networks. 
Cucina et al. [172] showed that vimentin is retracted and formed a dense network 
extending mainly around the nucleus after applying 6 dyn/cm2 WSS for 24 h in ECs. 
Jackson et al. [173] reported that the amount of vimentin is increased in human fetal 
osteoblasts subjected to WSS. Helmke et al. [174, 175] demonstrated that GFP-vimentin 
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networks are rapidly displaced at the apical surface of ECs within 3 min after applying 
12 dyn/cm2 WSS. 
Interestingly, the formation of capillary-like morphologies is diminished by 
reduction of MT1-MMP expression and vimentin cleavage in HUVECs [176]. MT1-
MMP expression is directly correlated with vimentin expression in human breast 
carcinoma cell lines [177]. Based on these results, we hypothesized that S1P- and WSS- 
activated calpain would cleave cytoplasmic networks of vimentin and the vimentin 
fragments would colocalize with MT1-MMP. Vimentin filaments are composed of  
bundles of vimentin monomers consisting of a central rod domain that is flanked by an 
N-terminal head and C-terminal tail domain. When a phosphate group is added to the 
head region, the monomer is freed from the polymerized network [56, 57, 59, 178]. Thus, 
vimentin filament stability is dependent on its phosphorylation state.  
Interestingly, the serine/threonine kinase PAK2 found in ECs phosphorylates 
vimentin [58, 59] and plays a crucial role in angiogenesis [36]. Thus, we hypothesized 
that PAK, a downstream effector of Akt, would regulate vimentin depolymerization and 
be required for S1P- and WSS- induced EC invasion. 
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Results 
 
Vimentin Cleavage Is Required for S1P- and WSS-induced EC Invasion in 3-D 
Collagen Matrices 
Vimentin plays a significant role in cell attachment and migration [54, 56, 58] 
and can directly associate with MT1-MMP [176, 177, 179]. Based on these results, we 
determined whether vimentin is necessary for S1P- and WSS-induced EC invasion and 
MT1-MMP activity. Two individual shRNA constructs directed to vimentin (shVim1 
and shVim2) were compared to β2M negative control shRNA. Knockdown of vimentin 
with either construct significantly reduced EC invasion responses (Fig. 24B). Equal 
loading in lysates was confirmed using GAPDH-specific antisera (data not shown). 
Photographs of invading ECs that were not treated with shRNA (HUVEC) or treated 
with shRNA against sh β2M or shVim are shown in Fig. 24A. Selective knockdown of 
the appropriate vimentin isoform with each shRNA was confirmed by Western blot 
analyses (Fig. 24C). To measure MT1-MMP activity using a fluorogenic substrate, 5.3 
dyn/cm2 WSS applied to shβ2M, HUVEC, and shVim for 3 h in 3-D cultures containing 
S1P. Only shVim attenuated MT1-MMP activation compared to others (Fig. 24D). 
These results confirm that vimentin is required for S1P and WSS-induced EC invasion 
into 3-D collagen matrices. 
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Figure 24. Vimentin cleavage is required for S1P and WSS-induced EC invasion in 3-D collagen 
matrices. Untreated control ECs and ECs transduced with lentiviruses delivering shRNA directed to beta 
2 microglobulin (sh2M), vimentin (shVim1 and shVim2) were stimulated with 1µM S1P and 5.3 
dyn/cm2 WSS for 24h. Cultures were fixed and stained for morphometric analysis (A) and the invasion 
density is quantified for each condition from three individual experiments (B; mean ± SD, n = 9 fields). 
Culture extracts were prepared and antibodies against vimentin and GAPDH, as an experimental control, 
were used for western blot analyses (C). MT1-MMP activity was measured using the SensoLyteTM 520 
MMP-14 protease assay kit as described in MATERIALS AND METHODS. MT1-MMP activation (D) 
was measured in untreated control ECs and ECs transduced with lentiviruses delivering shRNA directed to 
sh2M and shVim2 subjected to 5.3 dyn/cm2 WSS + S1P. Each data point was an average of triplicate 
wells from three individual experiments. * indicates significant difference from control (P<0.05). Scale 
bar, 100 μm. 
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Vimentin Cleavage Is Enhanced by the Combination of S1P and 5.3 dyn/cm2 WSS and 
Is Calpain-dependent 
Vimentin, the only intermediate filament protein found in ECs, is cleaved in 
response to shear stress [175]. Based on this evidence, we determined whether S1P or 
WSS induced on vimentin cleavage during EC invasion. ECs cultured on 3-D collagen 
matrices containing or lacking S1P (1 μM) were treated with or without WSS (5.3 
dyn/cm2) and total cell extracts were collected after 3 h (Fig. 25A). The samples were 
probed in Western blots using vimentin-specific antisera. S1P alone or the combination 
S1P and 5.3 dyn/cm2 WSS stimulated increased vimentin cleavage (3 thin arrowheads) 
compared to no treatment and 5.3 dyn/cm2 WSS alone in Figure 25A. We next 
determined whether the effects of WSS magnitude influence on vimentin cleavage. We 
applied 0.12, 5.3, and 12 dyn/cm2 WSS to ECs cultured on 3-D collagen matrices 
containing S1P. 5.3 dyn/cm2 WSS induced greater vimentin cleavage than that occurring 
in response to 0.12 and 12 dyn/cm2 WSS. Interestingly, immunofluorescence 
experiments revealed 12 dyn/cm2 WSS induced prominent vimentin bundles that 
extended to the cell periphery (Fig. 26), suggesting polymerization of vimentin networks 
and minimal vimentin cleavage (Fig. 25B).  
Since there is evidence that vimentin is cleaved by calpain [171], we next 
determined if networks of vimentin are cleaved by S1P/WSS-activated calpain. ECs 
exposed to 5.3 dyn/cm2 WSS were cultured in the presence or absence of global calpain 
inhibitor, a pharmacological calpain inhibitor. Lysates were prepared from invading 
cultures treated with global calpain inhibitor and analyzed by Western blotting. Global 
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calpain inhibitor reduced vimentin cleavage during EC invasion in 3-D collagen matrices 
(Figs. 25C and 25D). These data support the hypothesis that calpains are responsible for 
vimentin cleavage during EC invasion responses.  
 
 
 
 
 
Figure. 25. S1P and 5.3 dyn/cm2 WSS enhances vimentin cleavage and calpain inhibitor significantly 
attenuated vimentin cleavage. A: ECs were treated in the absence or presence of S1P (1µM) for 1 hr 
prior to WSS treatment and maintained in the flow media for the duration of 3 h WSS treatment (5.3 
dyn/cm2). B: ECs were treated with S1P (1µM) for 1 hr and then subjected to 3 h of WSS at the indicated 
magnitudes. C-D: ECs were subjected to both S1P and 5.3 dyn/cm2 WSS for 1, 8 and 16 h in the presence 
of either Ethanol control or global calpain inhibitor (Global; 10μM). Western blot analysis was performed 
with an antibody directed against the vimentin (A, B and C; upper blot) and GAPDH (A, B and C; lower 
blot). The blot is representative of 3 separate experiments. C; Western blots for the vimentin cleavage and 
GAPDH by densiometric analysis from 3 independent experiments (C; means ±SD). The bracketed groups 
were significant difference from the control group (ANOVA and multi-comparison testing; P<0.05).  
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WSS and Akt Phosphorylation Regulated Vimentin Bundles of ECs in 3-D Collagen 
Matrices 
Tsuruta et al.  [169] reported that 12 dyn/cm2 WSS enhanced thick vimentin 
bundles. To determine whether S1P and WSS affect vimentin and MT1-MMP 
localization, experiments were conducted to apply WSS in the presence S1P. ECs were 
transfected with GFP-labeled MT1-MMP to detect changes of MT1-MMP localization 
in response to S1P and WSS. Cells were seeded on collagen-coated glass slides and 
pretreated with 1µM S1P for 1 h before being subjected to 0, 0.12, 5.3 and 12 dyn/cm2 
WSS for 2 h, fixed, and imaged (Fig.26). Localization of vimentin protein is shown by 
immunofluorescence staining with an anti-vimentin monoclonal primary antibody and 
FITC-conjugated secondary antibodies (vimentins are stained by red). Under static 
control conditions, the vimentin network is only arranged in a dense pattern around the 
nucleus (nuclei are stained by blue) rather than spreading out to the cell periphery. 
However, WSS induced dramatic spreading of the vimentin networks along direction of 
flow. 12 dyn/cm2 WSS elicited thick and dense vimentin bundles compared to 5.3 
dyn/cm2 WSS. However, 5.3 dyn/cm2 WSS elicited the greatest membrane localization 
of GFP-MT1-MMPcompared to that observed in response to 0.12 or 12 dyn/cm2 WSS 
(Fig.26). In addition, both calpain inhibitor and Akt inhibitor X completely blocked 
MT1-MMP membrane localization in the presence of S1P and 5.3 dyn/cm2 WSS (cf. 
Figs.22 and 26).  
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Figure 26. Akt blockade and 12 dyn/cm2 WSS exhibited dense vimentin network with thick vimentin 
bundles in the presence of S1P. ECs subjected to WSS magnitudes of 0 (Control), 0.12, 5.3, or 12 or 5.3 
dyn/cm2 WSS + S1P were transiently transfected with vectors expressing MT1-MMP-green fluorescent 
protein (GFP) chimera. Localization of vimentin protein is shown by immunofluorescence stained with an 
anti-FLAG monoclonal primary antibody and FITC-conjugated secondary antibodies. Cells were treated 
identically to Figure 22 without (S1P+WSS) or with (S1P+WSS+Akt inhibitor X) pretreating with Akt 
inhibitor (10µM) for 1 h prior to beginning experiments. The compound was maintained in the flow media 
for the duration of 2 h WSS treatment. At the conclusion of the experiments, samples were fixed in fresh 
4% paraformaldehyde and immunofluorescence was performed with antisera directed to vimentin. White 
arrowheads indicate vimentin bundles. 
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Vimentin and PAK Phosphorylation Are Enhanced by S1P and 5.3 dyn/cm2 WSS in a 
Akt-dependent Manner 
As shown above, S1P synergized with 5.3 dyn/cm2 WSS increases vimentin 
cleavage which is required for EC invasion by knockdown of vimentin and calpain 
inhibitor (cf. Figs. 24 and 25). Altogether, these data suggested that S1P- and WSS-
regulated vimentin cleavage had a very important role in facilitating EC invasion in 3-D 
collagen matrices. It was still unclear how S1P and WSS-activated calpain could induce 
vimentin filament disassembly. We hypothesized that calpain may directly cleave 
vimentin and calpain-dependent Akt can phosphorylate vimentin to induce vimentin 
depolymerization. S1P- and WSS-activated calpains are likely to responsible for 
vimentin cleavage since the calpain inhibitor significantly blocked vimentin cleavage, 
resulting in decreasing EC invasion (cf. Fig. 25). Interestingly, PAK regulated by Akt 
[180-182] phosphorylates vimentin at Ser-56 [183] and Ser-25, -38, -50, -65, and -72 
[59]. Based on these results, we next determined whether Akt phosphorylate PAK and 
vimentin. ECs exposed to S1P and 5.3 dyn/cm2 WSS were cultured in the presence or 
absence of Akt inhibitor X. Akt inhibitor X dose-dependently blocked EC invasion 
(Figs. 27A and 28) as well as attenuating MT1-MMP activity. Furthermore, it reduced 
PAK phosphorylation, vimentin cleavage, vimentin phosphorylation at Ser-6, -38, -56, 
and -72 (Fig. 29).  
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Figure 27. Akt inhibitor X reduces EC invasion in a dose-dependent manner. A; ECs were subjected 
to both S1P and GF for 18 h in the presence of either Ethanol control or Akt inhibitor X in a dose-
dependent manner. B; Western blot analysis was performed with an antibody directed against the Akt 
phosphorylation (upper blot) and total Akt (lower blot). The blot is representative of 3 separate 
experiments (A; means ±SD).  
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Figure 28. Akt inhibitor X significantly reduced EC invasion and MT1-MMP activation. A: 
Photographs of cell invasion responses after 24 h of exposure to 1 µm S1P and 5.3 dyn/cm2 WSS in the 
presence (left) and absence (right) of 3 µM Akt inhibitor X. B: Western blot analysis was performed with 
an antibody directed against Akt phosphorylation (B; upper blot) and total Akt (B; lower blot). The blot is 
representative of 3 separate experiments. C: Cultures were fixed and stained to quantify the number of 
cells invading per field. D: MT1-MMP activation was measured in ECs subjected to S1P and 5.3 dyn/cm2 
WSS in the presence and absence of the Akt inhibitor X. Each data point was an average of triplicate wells 
from three individual experiments * t-test (P<0.05).  
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Figure 29. Akt inhibitor X downregulated Vimentin and PAK phosphorylation during S1P/WSS-
induced EC invasion in 3-D collagen matrices. Akt inhibitor X significantly reduced vimentin cleavage, 
vimentin phosphorylation at ser -6, -38, -56, and -71 and Pak 2 phosphorylation.  ECs were subjected to 
5.3 dyn/cm2 WSS for 1 and 8 h in the presence of S1P and either M199 control or Akt inhibitor X (10μM). 
Western blot analysis was performed with an antibody directed against the phospho-specific PAK, 
phospho-specific vimentin, total vimentin, and G3PDH. The blot is representative of 3 separate 
experiments.  
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PAK Phosphorylation Is Required for EC Invasion in 3-D Collagen Matrices 
Kiosses et al. [36] demonstrated that dominant-negative PAK can block bFGF-
induced angiogenesis in vivo. To demonstrate a functional requirement for 
phosphorylated PAK during S1P- and WSS- induced EC invasion, ECs were treated 
with either PAK inhibitory peptide or PAK control peptide (Fig. 30). The peptide was 
fused to the polybasic sequence from the HIV Tat protein to facilitate entry into ECs. 
The inhibitory peptide selectively binds to an SH3 domain from the adapter protein NCK 
to disrupt binding with PAK, which then inhibits PAK activity. The PAK inhibitory 
peptide treatment significantly attenuated EC invasion (Figs. 30A and B). PAK 
inhibitory peptide also reduced both PAK and Akt phosphorylation by Western blot 
analyses (Fig. 30C). These results confirm that PAK activity is required for S1P- and 
WSS-induced EC invasion and indicate that PAK acts upstream of Akt.  
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Figure 30. PAK phosphorylation is required for S1P and WSS-induced EC invasion in 3-D collagen 
matrices. ECs were subjected to 5.3 dyn/cm2 WSS for 1 and 24 h in the presence of S1P and either PAK 
control peptide or PAK inhibitory peptide (20ug/ml). Western blot analysis was performed with an 
antibody directed against the phospho-specific PAK, phospho-specific Akt, total Akt, and G3PDH. The 
blot is representative of 3 separate experiments.  
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Discussion 
 
In this chapter, we defined a novel mechanism by which S1P and WSS 
synergistically induce EC invasion through vimentin remodeling. Vimentin knockdown 
with shRNA greatly attenuated invasion caused by WSS and S1P, which indicates 
vimentin is necessary in this process. Further, WSS+S1P induced vimentin disassembly 
in a WSS magnitude-dependent manner as evidenced by the appearance of vimentin 
cleavage products in western blots (cf. Fig. 25A) and by retraction of the vimentin 
network observed in immunostainings (cf. Fig. 26). A WSS of 5.3 dyn/cm2 was found to 
be optimal for inducing vimentin cleavage. This is consistent with the optimal WSS for 
activating Akt, calpain, MMP-2, MT1-MMP and cell invasion as shown in the previous 
chapters. We provide strong evidence indicating that the activation of MT1-MMP in 
response to WSS and S1P occurs as a consequence of vimentin network disassembly 
through calpain and Akt activation.  
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Vimentin appears to regulate invasion in a manner dependent on calpain and Akt. 
This is supported by the attenuation of vimentin cleavage when cells were treated with 
global calpain inhibitor or with Akt Inhibitor X. Akt inhibition also blocked the 
retraction of the vimentin network from the cell periphery in response to 5.3 dyn/cm2 
WSS and S1P. Calpain can induce vimentin filament disassembly directly through 
cleavage [169]. Akt likely regulates vimentin filament disassembly via phosphorylation 
of vimentin head domains, which then reduces filament stability. Tsuruta and Jones 
[169] demonstrated that 12 dyn/cm2 WSS-induced thick vimentin bundles assembled 
and associated with large focal contacts that restricted EC movement. Interestingly, our 
immunofluorescence experiments also revealed that WSS dramatically changes vimentin 
organization, where 12 dyn/cm2 WSS synergized with S1P to produce long and thick 
vimentin filaments. These results are consistent with the reduction in vimentin cleavage 
observed with 12 dyn/cm2 WSS.  
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We suggest that vimentin disassembly is dependent on the magnitude of WSS 
and the activities of calpain, Akt and PAK2. Izawa and Inagaki [57] reported that PAK, 
a downstream effector of Akt, phosphorylates vimentin at Ser-25,-38,-50,-65, and-72 in 
the mouse vimentin head domain. Tang et al. [58] demonstrated that PAK-regulated 
vimentin phosphorylation at Ser -56 is required for smooth muscle cell motility. While it 
is well known that depolymerized vimentin is necessary for disrupted vimentin 
networks, a study of vimentin phosphorylation has not been reported in EC sprouting 
events. Our results showed that Akt-dependent PAK phosphorylation is required for 
S1P- and WSS-induced EC invasion. Further, inhibition of PAK with an inhibitor 
peptide reduced EC invasion as well as Akt phosphorylation. We suggest that Akt and 
PAK each phosphorylate vimentin to result in vimentin network disassembly. Our 
results provide a clue as to how MT1-MMP can translocate to the membrane in response 
to disassembly of the vimentin network. The vimentin network has a radial organization, 
extending outwards from the cell centre and interacts with microtubules [184, 185]. All 
forms of vimentin filaments in living cells move along microtubules both towards and 
away from the cell center [184, 186]. The vimentin cleavage fragments cleaved by 
calpain interact with and transport phosphorylated ERK 1/2 on dynein [187]. Based on 
these results, we hypothesize that calpain-cleaved vimentin binding to MT1-MMP may 
be transported to the cell periphery by kinesin. Further investigation is needed to 
determine the molecular interaction amongst MT1-MMP, vimentin and kinesin.  
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CHAPTER V 
 
CONCLUSIONS 
 
We established for the first time a novel model to study the synergic effects of 
biochemical factors and mechanical stimuli during EC invasion in 3-D collagen 
matrices. The results in Chapter II provide new sights into the roles of the S1P and WSS 
during EC invasion with the very interesting result that WSS is a strong positive 
modulator of S1P-induced EC invasion. The results in Chapters III and IV went on to 
define the roles of MT1-MMP, calpain, Akt, PAK and vimentin in S1P- and WSS- 
induced EC invasion in 3-D collagen matrices.  
Many groups studied EC angiogenesis in 2D culture, but this approach is 
fundamentally limited in its ability to recapitulate the environment that ECs experience 
in vivo during angiogenesis. In support of this claim, Davis and colleagues [50, 193] 
recently demonstrated that the activation of MT1-MMP and Cdc42 plays a key role in 
regulating lumen and tube formation in 3D collagen matrices, but not in 2D collagen 
surface. The addition of physiological flow adds yet another dimension to the model that 
has provided unpredicted results. Specifically, fluid forces can enhance EC invasion to a 
comparable extent as the well-known proangiogenic growth factors VEGF and FGF.  
Another unexpected finding was that the effect of WSS is greatest at a magnitude 
of 5.3 dyn/cm2. A wide range of WSS levels are used to study mechanotransduction 
events in vitro, with many studies utilizing shear stresses of 12 dyn/cm2 or greater. 
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However, typical WSS magnitudes in the microvasculature are reported to be in the 
range of 5 to 150 dyn/cm2 [103, 104]. WSS levels in postcapillary venules in mouse 
cremaster muscle have been estimated to be in the range of 1 to 5 dyn/cm2 [105]. Ichioka 
et al. [74] reported that increasing WSS in postcapillary venules from 3.7 to 5.3 
dyn/cm2.singificantly enhanced angiogenesis in a rabbit ear window model. WSS levels 
in post-capillary venules have been estimated at 1-5 dyn/cm2 [165], which is consistent 
with a previous report of 0-5 dyn/cm2 laminar shear stress in the mouse embryo [166]. It 
is important to note that sprouting angiogenesis is primarily localized to postcapillary 
venules, which under quiescent conditions are exposed to relatively lower WSS than 
blood vessels in other areas of the vasculature.   
The synergistic effects of WSS and S1P are particularly relevant to 
understanding angiogenesis that occurs during wound healing. Wound healing is a 
complex process in which the skin or organ repairs itself after injury. Platelets from 
damaged blood vessels accumulate into the wound where they can create a provisional 
matrix, release a number of biochemical factors including VEGF, bFGF, and S1P [89-
92]. The high concentration of these factors in the wound provides a directional cue for 
EC invasion toward the provisional matrix. Additional inflammatory mediators released 
locally result in vasodilatory responses that ultimately increase WSS via increased blood 
flow.  
Although my experiments were only performed on ECs subjected to laminar 
fluid shear stress, my findings may also help to understand the endothelial response to 
other mechanical stimuli. Interstitial flow, for example, causes migration of ECs and 
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smooth muscle cells[188] [189] [190] and cyclic stretch triggers angiogenic events in 
coronary microvascular ECs [191] and epithelial cells [192]. The overall goal of this 
research is to provide a better understanding of the role of laminar fluid shear stress on 
angiogenic sprouting events in 3-D collagen matrices. My findings in this dissertation 
may help to explain why the synergistic effect of S1P and wall shear stress is important 
in angiogenesis.  
These studies provide a novel molecular mechanism of angiogenic sprouting 
events induced by S1P and WSS and underlie embryonic development, wound healing, 
and tumor angiogenesis, where biochemical and mechanical cues are optimal for 
initiation of new blood vessel growth. While these studies herein have provided 
significant insight into the molecular mechanisms that mediate the effects of WSS and 
S1P on EC invasion, it is expected that the experimental model developed as a result of 
this dissertation will be useful to further explore the processes that regulate angiogenesis. 
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